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ABSTRACT 
 
Gold nanorods (GNRs) with their special optical and photothermal properties have attracted 
attention recently for their potential applications in fields such as photothermal therapy, drug 
delivery, biomedical imaging and chemical sensing. These anisotropic gold nanocrystals have 
tunable surface plasmonic resonance (SPR) bands ranging from the visible to the near infrared 
region. Their small dimensions of less than 100 nm and inert reactivity as well as the ease of 
surface functionalization facilitate their interaction with biological substances for various 
purposes. Before these GNR-based techniques can be applied in clinical use, there is still a large 
number of fundamental problems that need to be addressed to better align material properties 
with the desired application metrics. This thesis focuses on the fundamental photothermal and 
optical properties of GNRs when interacting with laser beams, which includes developing 
photothermal molecular release systems for drug delivery; investigating the nanoscale thermal 
transport properties at the solid-liquid interfaces; and studying the light emission induced by hot 
electron-hole pairs in GNRs. 
In the first chapter, the colloidal synthetic strategy of GNRs, developed by the Murphy 
research group, and their optical and photothermal properties are introduced. The as-synthesized 
GNRs bear a bilayer of surfactant molecules cetyltrimethylammonium bromide (CTAB) on the 
surface and exhibit two SPR peaks ranging from 500 to 900 nm depending on the aspect ratio of 
the GNRs. The surface of the GNRs can be modified by different ligands or polyelectrolyte 
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layers in the aqueous environment. GNRs can also be immobilized on different substrates for 
further studies and applications.  
In the second chapter, a light-controlled molecular release system was developed. Model 
drug molecules (dyes) were loaded within a variable number of polyelectrolyte multilayers 
wrapped around GNRs. A NIR continuous-wave (cw) laser was used to heat the global sample 
solution to release the dye molecules, which was detected using fluorescent signals from the 
dyes. The photo-induced release rate depended on the quantity and type of polyelectrolyte 
trapping layers and could be tuned by a factor of 100. Comparison of the photo-triggered 
molecular release rate to a pure thermal experiment provides an estimate of the effective 
temperature of the GNR solution upon irradiation. 
In the third chapter, since knowledge of the spatiotemporal temperature distribution around 
a laser heated nanoparticle is essential for the study of photothermal therapeutics and the 
interface is playing an important role in controlling nanoscale heat transfer, a transient absorption 
method was used to investigate the thermal conductivity and heat capacity of surfactant and 
polyelectrolyte coatings of GNRs in aqueous solution, following femtosecond pumping of the 
longitudinal localized surface plasmons. Surfactant and polyelectrolyte layer thicknesses are 
measured by dynamic light scattering (DLS). The cooling dynamics of GNRs are best measured 
by tuning the pump-probe laser wavelength to the absorption peak of the sample solutions. The 
heat capacity and thermal conductivity were calculated numerically based on a cylindrical heat 
transfer model. It was found that the thermal properties have significant dependence on: (1) the 
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external surfactant critical micelle concentration for CTAB-capped GNRs; and (2) the charge of 
the terminal capping layer for polyelectrolyte-capped GNRs. 
In the fourth chapter, light emission from plasmonic GNRs in aqueous suspensions was 
studied with cw and pulsed-laser excitation, which could be widely applied in biomedical 
imaging. Resonant secondary light emission contributes significantly to the background 
commonly observed in surface-enhanced Raman scattering (SERS) and to the light emission 
generated by pulsed-laser excitation of metallic nanostructures that is often attributed to 
two-photon luminescence. We proposed an electronic Raman scattering mechanism to describe 
the origin of the light emission quantitatively by comparing intensity of anti-Stokes emission 
excited by 785 nm cw and subpicosecond laser pulses. The result indicated that anti-Stokes 
emission is consistent with electronic Raman scattering by a high-temperature distribution of 
electronic excitations predicted by a two-temperature model. 
In the last chapter, femtosecond pulsed laser induced photothermal release of molecules was 
explored with surface-enhanced Raman scattering techniques. Distance-dependent SERS 
enhancement factors were first studied by immobilizing Raman reporters on different spacer 
layers. Laser pulse-triggered molecular release was monitored by SERS signals, since the SERS 
signal decreased significantly with the distance from the GNR surface. It was found the SERS 
signal decreases with the average power of laser pulses and the irradiation time. However, it is 
observed that laser pulses could also induce severe photobleaching of the Raman reporters, 
which should be considered in drug delivery to prevent the damaging of drug molecules. 
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CHAPTER 1 
 
INTRODUCTION 
 
1.1 OPTICAL AND PHOTOTHERMAL PROPERTIES OF GOLD NANORODS 
    Colloidal gold nanoparticles with bright colors were discovered centuries ago. They were 
used for glass staining and decoration; the 4th-century Lycurgus Cup is one of the most famous 
examples of an early application.1 With the recent development of science and technology, 
colloidal gold nanoparticles have been studied and applied in a wide variety of areas, including 
electronics, sensors, biomedical therapeutics and catalysis,2–5 due to their unique optical, 
electronic, chemical and physical properties. The properties of gold nanoparticles can be tuned by 
changing the size, shape, surface chemistry, or aggregation state. Apart from the traditional 
spherical shape, nanorods6, nanoshells7, nanocages8, nanoplates9 etc. can be fabricated by various 
methods.  
    When the dimension of metallic nanoparticles become less than or comparable to the 
electron mean free path (~100 nm), new properties appear comparing to bulk materials because 
of the restriction of the electron motion. When the oscillating electric field of propagating light 
passes through a gold nanoparticle, the free conduction band electrons of gold oscillate in the 
particle.10 This collective resonant oscillation of electrons confined in the nanoparticle is called 
the localized surface plasmon resonance (SPR). If the frequency of light matches the resonance 
frequency of the electrons, the nanoparticles can have strong absorption and scattering of light. 
Colloidal gold nanoparticles exhibit bright colors because of the light scattering and absorption, 
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and the color of the particles depends on the wavelength of SPR. For example: gold nanospheres 
with the diameter of 20 nm in aqueous solution with SPR band around 520 nm have ruby red 
color. 
    The surface plasmon resonance can be tuned by varying the size or shape of the 
nanoparticles, leading to particles with tailored optical properties for different applications. Gold 
nanorods (GNRs) with their anisotropic shape exhibit two SPR bands (Fig. 1.1): one is the 
transverse SPR, due to the electrons oscillating along the short axis; and the other is the 
longitudinal SPR that can be tuned from the visible to the near-infrared region by controlling the 
aspect ratio of the rods, due to the electrons oscillating along the long axis. These nanoparticle 
SPR positions can be calculated using methods based on the dipole approximation. While Mie 
theory was developed to calculate the optical cross-section of spherical nanoparticles, Gans 
theory was developed to explain that of ellipsoid particles.11 The optical properties of gold 
nanorods with the shape between cylinders and ellipsoids can be approximately calculated with 
Gans theory.10 The equations 1.1 to 1.5 describe the calculation of optical cross sections of gold 
nanorods:    
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where σabs is the absorption cross section, σsca is the scattering cross section, σext is the extinction 
cross section, V is the volume of the particle, λ is the wavelength of light, εm is the media 
dielectric constant, ε1 and ε2 are the real and imaginary parts of gold dielectric constant, 
respectively. The depolarization factors Pj are defined by:                                                                                                                        
                                            (1.4) 
                                                         (1.5) 
where a, b, and c are the three axes of the nanoparticle, a>b=c, e=(1-(1/AR)2)1/2, and AR is the 
aspect ratio of the GNRs. Thus, the absorption spectra change of GNRs can be affected by both 
the dielectric constants of gold and the surrounding media. The detailed calculation of absorption 
and scattering properties of gold nanoparticles of different size, shape, and composition can be 
found in the works of Link12 and Jain13. 
    After the absorption of photons by gold nanorods, most of the light energy is converted to 
heat energy through a series of photophysical processes at different time scales. This conversion 
of light into heat is what is meant by the phrase “the photothermal properties” of gold nanorods. 
The processes are demonstrated in Fig. 1.2.  Initially, (1) when a gold nanorod is exposed to a 
femtosecond laser pulse, the laser light excites the plasmon resonance of electrons for the 
absorption of photons. The dephasing of oscillations in the conduction band happens at the time 
scale of 10 - 100 fs to form a non-thermal electron distribution. (2) Energy distributes through 
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electron-electron scattering to form a thermal electron distribution at the time scale of 100 fs - 
1ps. (3) Electrons start to transfer energy to the gold lattice through electron-phonon coupling at 
the time scale of 1 - 10 ps. (4) Finally the gold lattice phonons dissipate the heat energy into the 
surroundings to raise the temperature around the particles at the time scale of 10 ps to 1 ns.14,15 
Heat energy generated by gold nanorods in the above processes is widely used in the current 
research of photothermal cancer therapy and drug delivery for biological and biomedical 
applications.16–18 The mode of laser source also plays an important role for the temperature 
gradient around the laser-excited gold nanoparticles. When using a continuous-wave laser 
source, heat is generated in the gold lattice and dissipated into the environment continuously, 
thus there is no obvious temperature difference between the gold surface and the surroundings 
and the sample solution can be heated globally in the laser beam spots. When using a pulsed 
laser source, heat is generated and dissipated on short time scales in a periodic manner, thus the 
temperature gradient is localized around the nanoparticle and the transient temperature of the 
gold nanoparticle is significantly higher than its surroundings.19 
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Figure 1.1 Surface plasmon resonance (SPR) of gold nanorod at the transverse and longitudinal 
bands. E is the electric field of the incident light; K is the propagation direction of the incident 
light. The conduction band electrons in GNR oscillate with the external electric field along (a) 
the short axis or (b) the long axis to generate (a) the transverse surface plasmon resonance 
around 520 nm or (b) the longitudinal surface plasmon resonance tunable from visible region to 
near-infrared region.10 
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Figure 1.2 Photophysical processes of gold nanorod excited by a femtosecond (fs) laser pulse. (1) 
excitation of SPR in GNR by fs laser pulse and absorption of photos; (2) electron-electron 
scattering and heat distribution among electrons; (3) electron-phonon coupling and heat transfer 
from electrons to gold lattice; (4) heat dissipation from GNR to its surroundings.14  
(1) 
(2) 
(3) 
(4) 
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1.2 COLLOIDAL SYNTHESIS OF GOLD NANORODS 
Gold nanorods synthesis in colloidal solution with the seed-mediated method is the 
expertise of the Murphy research group.1,20 Seed-mediated growth protocol included the addition 
of small gold nanospherical seeds with diameter from 2-4 nm to growth solution consisting of 
gold salt, surfactant molecules and silver additives. In the growth solution, ascorbic acid first 
reduced HAuCl4 to HAuCl2 and further reduced HAuCl2 to Au atoms with the addition of gold 
seeds which catalyzed the reduction reactions. Long GNRs (aspect ratio ~20)6 and short GNRs 
(aspect ratio 1~4.5)21 can be synthesized at high yield and monodispersity, and the method is 
easy to scale up for batch production at room temperature and aqueous solution conditions. For 
the short GNRs, the surfactant cetyltrimethylammonium bromide (CTAB, refer to Fig. 1.4c for 
the molecular structure) acts as a directing agent for GNRs growth, while the amount of silver 
nitrate as an additive can be used to tune the aspect ratio of the rods.20 Gold nanorods exhibit two 
SPR bands: the transverse SPR at ~ 520 nm, and the longitudinal SPR is tunable from 520 nm to 
over 850 nm. The longitudinal SPR position can be red-shifted with the increasing aspect ratio of 
GNRs and the color of GNR colloids changes from pink to orange. However, it should be 
noticed that with the increasing length of GNR, the width actually decreases from over 20 nm to 
around 10 nm. (Fig. 1.3) There are quite a few different factors that can affect the final 
composition and dispersion of GNRs: the amount of gold salt, surfactants, ascorbic acid, silver 
nitrate; the tail lengths and the counter ions of the surfactant; the quality of gold seed, which can 
be affected further by the amount of sodium borohydride and aging time; even the water purity 
and temperature.1,20,22 A slight change of any of the conditions can result in impurities and 
undesired polydispersity in the final products. All these factors should be carefully controlled in 
order to obtain the GNRs of desired sizes and dispersity with high reproducibility. 
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The growth dynamics of short GNRs have been studied by using UV-Vis absorption 
spectroscopy and transmission electron microscopy and the composition of the final GNRs have 
also been studied by ICP, EDX, and FTIR as well as many other techniques.1,15,20 It was found 
that the GNRs grow fatter before becoming longer and the silver atoms also exist in GNRs with a 
thickness of about four atomic layers. The silver additive plays a critical role in the mechanism 
since, without the silver additive, gold nanoparticles with various shapes are obtained with low 
purity and large degrees of polydispersity. (Fig. 1.4) A recent study in which the Br- in CTAB 
was replaced with potassium bromide for GNR growth also indicated the important role of Br-.22 
Based upon all these findings, there are various hypotheses about the mechanism of rod-shaped 
single crystalline nanoparticle formation: from the early surfactant soft template mechanism to 
that of preferable binding of CTAB to a certain facet of gold seed, which can direct the growth 
direction of GNRs. Other mechanisms include: silver bromide complex formation on the surface, 
underpotential deposition of silver, electric-field-driving direction, and alloy formation.1,10,20 
More studies should be performed to unveil the contributions of each mechanism with 
developing spectroscopic and microscopic techniques to probe GNR growth in situ.23–26 
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Figure 1.3 Properties of gold nanorods with different aspect ratios (AR) and surface plasmon 
resonance (SPR) positions. (a) AR=1.1, SPR=530 nm; (b) AR=2.3, SPR=648 nm; (c) AR=2.9, 
SPR=680 nm; (d) AR=3.4, SPR=721 nm; (e) AR=3.7, SPR=762 nm. (Top): normalized optical 
absorption spectra and (bottom) transmission electron micrographs with photographs of aqueous 
solutions of the nanoparticles. Scale bar=100 nm. 
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Figure 1.4 Gold nanocrystals synthesized with the seed-mediated method without the AgNO3 
additive. (a) optical absorption spectrum; (b) transmission electron micrograph. Scale bar = 100 
nm. (c) molecular structure of surfactant cetyltrimethylammonium bromide (CTAB). 
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1.3 SURFACE MODIFICATION OF GOLD NANORODS 
    Gold nanorods synthesized with the above seed-mediated method have a bilayer of CTAB 
on their surface to ensure the separation and dispersion of GNRs in solutions.27 The electrostatic 
interaction of CTAB with GNRs and the hydrophobic interaction between the tails in the CTAB 
bilayer can be easily destroyed by dilution to induce GNRs aggregation, which broadens and 
red-shifts the longitudinal SPR position.28 Versatile surface chemistry of ligand exchange and 
polymer wrapping can be performed to enhance the stability of GNRs and to minimize 
aggregation. Moreover, the tertiary amine terminal group of CTAB is nearly inert to chemical 
reaction. Surface modification of GNRs is essential for their extensive use in chemical, 
biological and engineering application, so that the GNR surface can be loaded with drug 
molecules, functionalized by bio-recognition molecules and dispersed in different solvents.29–32 
The surface of GNRs with the average dimension of 46 nm × 12 nm (aspect ratio ~4) can be 
modified by (a) CTAB concentration; (b) polyelectrolyte coating; (c) thiol-caboxylic acids; (d) 
thiol-poly(ethylene glycol). Techniques of UV-Vis optical absorption spectroscopy, ζ-potential 
measurement and dynamic light scattering (DLS) were used for the characterization of GNRs 
surface modification. (Fig 1.5 and Table 1.1) Optical absorption is used to study the refractive 
index change around GNRs; ζ-potential is used to characterize the surface charge of GNRs; DLS 
is used to detect the hydrodynamic diameters of GNRs. It is shown from the data that:  
(a) Increasing the external CTAB concentration in the solution changes the structure or 
thickness of the CTAB bilayer on GNR surface. CTAB-GNRs start to aggregate after more than 
2X purification by centrifugation. CTAB-GNRs can be stable for months in 1 mM external 
CTAB solution but only 2 weeks in <0.01 mM external CTAB solution. 
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(b) The positively charged CTAB-GNRs can be wrapped with polyelectrolytes (PELs) 
through layer-by-layer methods by mixing the GNRs with 10 mg/mL polyelectrolytes for 2 
hours. Each coating cycle flips the surface charge and increases the thickness of the surface 
layers. The PEL-GNRs has higher stability in diluted solutions and at high temperatures 
compared to CTAB-GNRs. 
(c) CTAB ligands that interact with the GNR through electrostatics can be exchanged by 
thiol-terminated ligands that can interact with GNR through Au-S covalent bonds. 
3-mercaptopropionic acid (MPA) and 11-mercaptoundecanoic acid (MUA) are sample ligands 
that can replace CTAB in the aqueous solution environment. In this specific example, solution 
conditions of tri-borate-EDTA (TBE) buffer was chosen due to the high solubility of MPA and 
MUA in the solution. Replacement reactions are typically done according to protocols such as 
this one: if a GNR pellet of 100 μL with the external CTAB concentration ~1 mM is added into 3 
mL TBE buffer with pH~8.4, severe aggregation of GNRs leads the solution to turn to a blue 
color, which indicates CTAB-GNRs in basic condition is not stable against aggregation. 
However, if the GNR pellet is added into 10 mM MPA or MUA in TBE buffer, ligand exchange 
takes place and no severe aggregation happens. The MUA-GNRs can be stable for over six 
months and can sustain for more than 3 purification cycles. 
(d) On the other hand, ligand exchange can also happen in neutral aqueous solution by using 
ligands that contain polyethylene glycol (PEG) fractions to increase the ligand solubility in 
neutral water. HS-CH2CH2-(OCH2CH2)n-OCH3 (m-PEG-thiol M.W. 5000 g/mol) and 
SH-C11-(EG)6-COOH are used to replace the CTAB by adding 100 μL GNR pellet into 2 mL 20 
mg/mL ligands solution, followed by 15 min sonication and 48 hours of dialysis. The ligand 
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exchange is directly reflected by the surface charge of the GNRs from positive to neutral or 
negative. The m-PEG-GNRs is stable for over six months in neutral water, and 
COOH-(EG)6-C11-GNR can be kept stable in basic conditions. 
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Table 1.1 ζ-potential and Effective Translational Hydrodynamic Diameter of GNRs with 
Different Surface Coatings.  
Sample ζ-potential (mV) dH (nm) 
GNR+CTAB 41.5±3.5 33.2±0.35 
GNR+PAA -38.6±2.9 33.4±0.15 
GNR+PAA+PAH 35.1±3.1 44.0±0.29 
GNR+MUA -175±7.6 35.2±0.25 
GNR+SH-PEG-m -2.1±0.6 52.6±0.45 
GNP+SH-C11-(EG)6+COOH -78.2±5.0 34.6±0.31 
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Figure 1.5 Optical absorption spectra of gold nanorods with various surface coatings. (a) GNRs 
with surfactant CTAB layers; (b) GNRs with polyelectrolyte layers; (c) GNRs with 
thiol-terminated carboxylic acids; (d) GNRs with thiol-terminated ethylene glycol molecules. 
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1.4 IMMOBILIZATION OF GOLD NANORODS 
    Gold nanoparticle synthesized with colloidal methods should be immobilized on substrates 
for the design of nanophotonic and nanoplasmonic devices. Self-assembly or directed-assembly 
of anisotropic gold nanorods in bulk or thin film materials through anisotropic surface 
modification on the sides or tips of the rods or through external mechanical or magnetic forces is 
a hot area in current research.33–36 On the other side, in order to design the optical and electronic 
properties of gold nanorods, it is also essential to control the particle aggregation, which can 
result in a severe shift of SPR and can also generate “hot spots” for Raman scattering. These 
topics about particle assembly will not be discussed in this thesis. However, experiments of 
immobilizing gold nanorods on substrate with minimal aggregation and moderate surface 
coverage were done to study the thermal and plasmonic properties of an individual nanorod. 
    The CTAB-capped gold nanorods bear a positive charge on the surface, and it is hard to do 
chemical modification on the tertiary amine group at the end of CTAB. Thus, electrostatics is the 
simplest way to immobilize GNRs on substrates with regard to avoiding the step of ligand 
exchange. Piranha-treated quartz has -Si-O- groups,37 and a self-assembled monolayer of 
4-mercaptobenzonic acid on a 100 nm Au film has –COO- groups,38 both of which are 
negatively charged on the substrate surface that can interact with the –NH3+ on the GNR surface. 
The procedure generally includes the immersion of the substrate in 2 nM GNR solutions for 2 
hours, then the substrate is washed with water and ethanol alternatively to get rid of the excess of 
GNRs, and finally the coated substrate is dried gently in nitrogen flows. To control the surface 
coverage of GNRs on the substrate, the factors of GNRs solution concentration, immersion time 
and the quality of the SAM should be carefully dealt with. The other critical factor is the external 
concentration of CTAB molecules in the GNRs solution. If the CTAB concentration is too high, 
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the extra CTAB molecules can block the negative charge spots on the substrate to reduce the 
possibility of GNRs immobilization; if the CTAB concentration is too low, GNR aggregation can 
happen in solution and the surface charge of GNR should also be reduced. In the scanning 
electron micrographs, an external CTAB concentration of 0.1 nm and GNR concentration of 2 
nM were chosen for the sample preparation. 
  
18 
 
 
 
Figure 1.6 Scanning electron micrographs of gold nanorods immobilized on (a) single 
crystalline quartz (b) a 4-mercaptobenzonic acid monolayer on a 100 nm Au thin film. 
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1.5 TIME-RESOLVED ABSORPTION AND ANTI-STOKES RAMAN SCATTERING 
SPECTROSCOPY FOR THERMAL TRANSPORT STUDY 
    For this thesis, time-resolved spectroscopy apparatuses were built based upon mode-locked 
pump-probe laser systems. (Fig. 1.7) The transient absorption technique detects the absorption 
signal change of samples upon laser excitation, and it has been used in various studies to 
measure properties of electron dynamics, energy transfer and chemical reactions.14,39–41 In the 
case of thermal properties, the sample temperature change is directly reflected in the absorption 
signal change. Time-resolved anti-Stokes Raman (see section 1.6) spectroscopy42–45 has also 
been developed for the study of vibrational states, which is based on the fact that the population 
of anti-Stokes vibrational states follows the Bose-Einstein distribution46 that is related to the 
local temperature of the sample molecules. 
    The instrumental setup of the time-resolved spectroscopy consists of a pump and a probe 
beam with delay time intervals controlled by a translation stage.44 Events at a certain delay time 
after the pump beam excitations can thus be detected using the probe beam, since absorption and 
Raman scattering are both instantaneous upon light interaction.   
20 
 
 
 
Figure 1.7 Top: transient absorption setup; Bottom: time-resolved Raman spectroscopy setup. 
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1.6 SURFACE-ENHANCED RAMAN SCATTERING 
    Raman scattering is a phenomenon of inelastic scattering of a photon. When a photon 
interacts with a molecule, it produces an oscillating polarization in the molecule and excites it to 
a virtual energy state. The oscillating polarization can or cannot couple with other vibrational 
excitations in the molecule. (Fig. 1.8) If there is no coupling, the scattered photon has the same 
energy as the original photon and the molecule stays in same vibrational state; this type of elastic 
scattering is called Rayleigh scattering. If there is coupling, the scattered photon has a different 
energy as the original photon and the molecule changes to higher (Stokes Raman scattering) or 
lower (anti-Stokes Raman scattering) vibrational state.47 
    Raman scattering of molecules adsorbed on rough metal surface or plasmonic 
nanostructures can be enhanced significantly, which is called surface-enhanced Raman scattering 
(SERS). The enhancement factor can be as much as 107 to 108 in solution and 1010 to 1011 on 
substrates. There are mainly two theories being proposed for the enhancement mechanisms: the 
electromagnetic theory related to localized SPR and the chemical theory related to charge transfer. 
In the case of molecules adsorbed on a gold nanorod surface through non-covalent bonds, the 
electric field of plasmonic gold nanoparticles can be greatly enhanced by localized surface 
plasmon resonance oscillation by orders of magnitude, while the chemical theory cannot be 
applied.48,49 Raman scattering from molecules on the gold nanorod surface can be dramatically 
increased because the intensity is proportional to the square of the electromagnetic field 
magnitude. The signal intensity of SERS can be described in the following equation50: 
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2 2
SERS inc inc sca RamanS nI g g                                                   (1.6) 
where SSERS is intensity of the surface-enhanced Raman scattering of the adsorbed molecule, n is 
the population distribution of the vibrational modes at a certain energy, Iinc is the intensity of 
incident light, ginc is the enhancement factor from electromagnetic field of the incident light, gsca 
is the enhancement factor from electromagnetic field of the scattered light, σRaman is the Raman 
cross-section of the adsorbed molecules. 
    The strong scattering from these molecules enhanced by nanoparticles greatly increases 
functionality of Raman scattering in optical spectroscopy detection and microscopy imaging 
applications, which can even extend to the probing of single molecules.51,52 
 
 
 
  
23 
 
 
 
Figure 1.8 (a) Diagram of Stokes, anti-Stokes Raman scattering and Rayleigh scattering 
mechanisms. (b) Scheme of surface-enhanced Raman scattering: yellow spheres represent gold 
nanoparticles; blue spheres represent Raman reporter molecules; green arrow represents incident 
light and red arrow represents scattered light. 
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CHAPTER 2 
 
POLYELECTROLYTE WRAPPING LAYERS CONTROL 
RATES OF PHOTOTHERMAL MOLECULAR RELEASE 
FROM GOLD NANORODS 
 
2.1 INTRODUCTION 
The unique optical properties and tunable sizes of gold nanorods have made them attractive 
materials for research over the last decade. Due to their anisotropic shape, gold nanorods display 
two plasmon resonance bands that arise from the collective oscillation of conduction-band 
electrons, one along the transverse axis of the rods and another along the longitudinal axis. This 
oscillation results in strong absorption of light at tunable wavelengths, in the visible and 
near-infrared regions, that depend on nanorod shape.1 The absorbed light undergo nonradiative 
decay processes and thereby be converted to heat, and the resulting temperature rise affects not 
only the gold nanorods but also their surrounding environment.2 
Gold nanorods with “confined” thermal effects show great potential for a wide variety of 
biological applications, including photothermal therapy via cell ablation3–9 and photothermally 
activated drug and gene delivery.10–16 The small size of the gold nanorods compared to typical 
cells (10-100 nm for the rods, compared to many microns for cells), coupled with the relative 
ease of nanorod surface functionalization, suggests that there is much promise for using gold 
nanorods as drug carriers for controlled release systems.17,18 Near-infrared (NIR) laser 
Part of this chapter is reprinted with permission from Jingyu Huang, Kaliah S. Jackson and 
Catherine J. Murphy, Nano Lett., 2012, 12 (6), pp 2982–2987. (DOI: 10.1021/nl3007402) 
Copyright © 2012 American Chemical Society. 
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irradiation-triggered drug release is especially attractive, because this is the “water window” of 
tissue (~800-1200 nm), and gold nanorods can easily be made to absorb in this window.19 
Gold nanoparticles of various shapes including nanorods,10–16 nanospheres,20–27 
nanoshells15,28,29 and nanocages30–32 have been used for photothermal drug release using either 
pulsed lasers or continuous wave lasers.  Pulsed laser heating can generate a large transient 
temperature increase in the picosecond time scale, and high release rates of the drugs from the 
gold particles. When the laser power is high enough, the particles can even melt.2,17 However, 
high temperatures can also denature the drug molecules bound to the surface of the particles, and 
so careful adjustment of various parameters are necessary to ensure that the proper and desired 
molecular release truly occurs.  Continuous wave lasers more typically raise the temperature of 
the particles and surrounding bath slowly, without causing molecular damage, although the 
release rate may thus be slowed. 
In this work, rhodamine 6G was used as a model “drug” and was incorporated into 
polyelectrolyte multilayers around gold nanorods, as a function of the number of outer capping 
layers. A NIR continuous wave laser was used to gently heat the samples and trigger the release 
of the dye molecules through the trapping layers. The molecular release rate by laser heating was 
quantitatively examined as a function of multilayer number and type.  We find that release can 
be shut off if only several polymer layers overcoat dye-modified nanorods. 
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2.2 RESULTS AND DISCUSSION 
Gold nanorods (GNRs) with aspect ratio 3.6 were synthesized using a seed-mediated 
silver-assisted approach with cetyltrimethylammonium bromide (CTAB) surfactant in aqueous 
solution.33 Nanorods were then purified by centrifugation and characterized with electronic 
absorption spectroscopy, zeta potential measurements and transmission electron microscopy 
(TEM). The nanorods, 57 nm × 16 nm, exhibited a maximum plasmon peak at 770 nm and bore 
a positive surface charge due to the CTAB bilayer on the surface. The GNR surface was further 
modified with layer-by-layer polyelectrolyte coating.34 In neutral aqueous solutions, negatively 
charged poly(acrylic acid, sodium salt) (PAA) and positively charged poly(allylamine 
hydrochloride) (PAH) were used to alter the surface charge of the rods and also to 
electrostatically trap the dye molecules. 
In order to absorb the positively-charged R6G on the surface of the as-made GNRs, an 
anionic PAA polymer layer was first coated onto the rods by mixing 1 mL of a 1 nM GNR 
solution with 0.1 mL of 10 mM NaCl and 0.2 mL of 10 mg/mL PAA (MW 150,000 g/mol) in a 
centrifuge tube for 2 hours. Excess polyelectrolyte was removed by centrifugation and the pellets 
were re-dispersed in 1 mL water. A 20 μL aliquot of a 1 mM R6G solution was added into the 
GNR+PAA solution, and allowed to stand overnight to form PAA-R6G complexes. Excess dye 
was removed by centrifugation and the GNR-polyelectrolyte-dye pellets were dispersed in 1 mL 
water. Additional polyelectrolyte layer-by-layer coatings were added as “trapping” layers by 
mixing 1 mL sample solution with 0.1 mL of 10 mM NaCl and 0.2 mL of 10 mg/mL PAA or 
34 
 
PAH (MW 15,000 g/mol). The final sample solution was spun down to remove the extra 
unbound polyelectrolytes and dispersed in DI water. The samples with different trapping layers 
were shown in Scheme 2.1: 
(GNR+PAA+R6G+PAA)  
(GNR+PAA+R6G+PAA+PAH) 
(GNR+PAA+R6G+PAA+PAH+PAA) 
(GNR+PAA+R6G+PAH) 
(GNR+PAA+R6G+PAH+PAA).  
Isothermal titration calorimetry of R6G with PAA (Figure 2.1) showed that electrostatic 
complex formation is highly exothermic; therefore, raising the temperature should promote 
dissociation of the molecule from the polymer at equilibrium. Comparable ITC data for R6G 
with PAH showed zero complex formation within the limit of measurement. 
Each layer-by-layer coating step was characterized with electronic absorption spectroscopy 
and with zeta potential measurements. A representative data set is shown for 
GNR+PAA+R6G+PAA+PAH+PAA (Figure 2.2). Slight changes in the plasmon band maxima 
were observed, as there is some loss of signal due to sample loss upon purification by 
centrifugation.  The slight tailing at long wavelengths suggests a small amount of nanorod 
aggregation. Zeta potential measurements showed evidence for bulk average successful polymer 
layer coating, as the nanorod surface charge changed in accord with the net charge of each 
polymer layer.  
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Samples of wrapped nanorods were purified after each coating step by centrifugation. To 
quantify the amount of bound dye, supernatants were separated at each step from the nanorod 
pellets, and fluorescence spectra were acquired from the supernatants to measure free dye by 
comparison to a fluorescence calibration curve. The numbers of bound molecules were 
calculated per nanorod based on: total dye – free dye = bound dye. On average, all the nanorods 
bore ~1200-1700 R6G molecules per rod (Table 2.1).  For release studies, all samples were 
concentrated to achieve a constant GNR concentration of 2 nM. 
For the laser irradiation release, 200 μL of wrapped GNR sample solutions were each added 
to two vials. One vial was then exposed to 785 nm continuous wave laser light (DeltaNu 
Advantage 785 Raman Laser System) with a power of ~48 mW and the spot size of ~1.5 mm2 at 
the sample, for a set amount of time (5 minute intervals from 0-60 minutes); the other vial served 
as a control without laser exposure. Two new vials of sample were prepared separately for each 
different time point of laser exposure. After irradiation, samples and their controls were spun 
down by centrifugation, and the supernatants were separated from the pellets. The amount of 
R6G in the supernatants was quantified by fluorescence spectroscopy against a standard 
calibration curve.  The amount of light-triggered released dye was obtained by subtracting the 
fluorescent signal of the control sample from the fluorescent signal of the irradiated sample for 
each time-point pair.  
After 60 minutes of laser irradiation, a representative sample (GNR+PAA+R6G+PAA) 
was analyzed to assess any changes in the GNRs compared to its control solution as well as the 
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original unmodified GNR solution (Figure 2.3). Samples with or without laser exposure showed 
no obvious difference either in the absorption spectra or TEM images, suggesting that any heat 
generated by the laser was not large enough to cause any significant morphology changes to the 
gold nanorods in the sample solution during laser irradiation process. 
Dye release rates were obtained by equilibrium measurements of the fluorescence intensity 
of sample supernatants corrected for their controls (thus canceling the effect of passive diffusion) 
as a function of laser irradiation time, and as a function of trapping polyelectrolyte layers. Dye 
release was linear with time of irradiation. An increase in the number of wrapping layers from 
one to two to three decreased release, to the point of no measurable release, with three outer 
layers (Figure 2.4a), for PAA as the polyelectrolyte on both sides of the R6G layer. For GNR 
samples with a PAA-R6G-PAH array, dye release under the same conditions could be observed 
with only one trapping layer, but no release was observed with two trapping layers (Figure 2.4b). 
It is possible that the released dye might be associated with polyelectrolyte; control experiments 
confirmed that PAA does not alter R6G fluorescence, and no signal from supernatants was 
observed by dynamic light scattering or zeta potential analysis (therefore, nothing larger than 3 
nm was released within the detection limits of the instrument).  
The general trend of that an increase in the number of trapping layers would decrease 
molecular release makes intuitive sense, as the molecules would have to “fight” their way out 
through more layers. One surprising finding is that only 2-3 polyelectrolyte layers, with an 
estimated thickness of 3-5 nm,34 are sufficient to stop molecular release under these conditions.  
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We estimated the R6G diffusion coefficient for the case of maximum release (one PAA trapping 
layer) using the same flux calculations as Mohwald et al. did for their dye (fluorescein) being 
released from a 5 micron core particle through 8-18 polyelectrolyte layers at different ionic 
strengths.35 In our case, we calculate a diffusion coefficient of ~10-18 m2/s.  This is far less than 
Mohwald’s findings under different solution conditions (~1016 m2/s)35 but similar to what has 
been found for dye diffusion through planar polyelectrolyte multilayers (10-18 – 10-20 m2/s).36  
Ionic strength play a role in these processes; increasing the NaCl concentration in our solutions 
does lead to more release, and laser irradiation increases it yet more (Supporting Information). 
Another finding is that the thermodynamics of the polyelectrolytes may play a larger role in 
the ability to be released than previously thought. The ITC data suggested that R6G and PAA 
have strong interactions that would favor decomplexation upon heating, while R6G and PAH do 
not associate with each other at neutral aqueous conditions. However, since the R6G layer does 
not completely switch the zeta potential of the nanorods to cationic, a capping cationic PAH 
layer might in fact bind more tightly and compactly to underlying PAA/R6G layers than a 
capping PAA layer. In that case, the R6G molecules would be sandwiched between 
oppositely-charged polyelectrolytes and thus be more hindered from release. The relatively low 
number for the dye’s diffusion coefficient is consistent with this notion. 
In order to confirm that irradiation into the plasmon band is the source of heat, the release of 
R6G from the surface of gold nanospheres (GNPs) with a maximum absorption peak at 520 nm 
by the 785 nm laser was also investigated. The sample GNP+PAA+R6G+PAA solution with a 
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GNP concentration of 6 nM was used, in order to quantitatively match the total amount of bound 
dye as the GNRs. While dye release was observed (Table 2.1), it was very low compared to GNR 
samples; only a couple of molecules, out of ~1600, were released to the supernatant after 60 
minutes of irradiation at 785 nm, compared to ~100 for the equivalent wrapping of gold 
nanorods that do absorb light strongly at 785 nm.  
We replotted the release rates in terms of percent molecules released (Figure 2.5) and 
compared the quantity of molecules released upon irradiation to those for simple heating in a 
water bath.  The data suggests that irradiation at 785 nm at room temperature (~ 25 ˚C) is 
equivalent to heating the entire sample to 35°C - 37°C. In order to directly measure the degree of 
heating by the laser, a thermocouple was placed into the sample solution after 60 min laser 
irradiation and an ~8°C temperature rise was recorded. This measurement, although crude, is in 
general agreement with the molecular release “effective temperature” data. 
A continuous-wave laser with a low optical intensity of ~3 W/cm2 can only increase the 
temperature of the gold nanorods’ surface by ~ 10-4 K.15 Therefore, unlike experiments with 
femtosecond pulsed lasers, dye release should not be interpreted as arising from a significant 
temperature rise on the particle surface, and non-equilibrium thermal mechanisms that involve 
hot electrons or bond breaking do not need to be applied to the release mechanism in this case. 
Others have made measurements of the heat increase from illuminated nanoparticles in 
single-molecule imaging mode for 25-35 mW laser powers (by measuring decreased dye 
emission due to increased temperature), and have concluded that the temperature rise is on the 
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order of 3K, and extends out ~10 microns from the nanoparticle at a given short time.37 In our 
case, on the 5-60 minute time scales, we consider that  first, the gold nanorods absorb the 
continuous-wave laser photons and convert the light to thermal energy, and thus increased the 
temperature of the whole solution by 8-10 degrees at maximum times. The bulk temperature rise 
of the sample solution shifted the exothermic reaction equilibrium PAA + R6G ←→ PAA·R6G 
to the left, in accord with the ITC data. Additionally, the increased temperature could cause the 
thermal expansion of the polyelectrolyte layers, which also favors dye release.10 The addition of 
further polyelectrolyte trapping layers slows down the release by a factor of 50-100 depending 
on layer conditions. This degree of control is far larger than has been reported in related systems, 
in which NIR irradiation of gold nanorods in a polymer gel showed a 4-fold level of difference in 
release compared to no illumination.38  
There are many examples in the literature of molecular release from polyelectrolyte 
multilayers on surfaces (mostly flat, but some colloidal) in the absence of any sort of plasmonic 
heating.35-41 It is illuminating to compare the time profile of our release (up to 60 minutes, and 
still increasing, upon plasmon irradiation) to analogous systems of dyes immobilized on 
polyelectrolyte layers on flat surfaces; in those systems, changes in pH or ionic strength can lead 
to very fast release (~30 s) that reaches molecular depletion from the layers within 10 minutes.39  
For thick multilayers, passive release can be on the scale of days.40 Electrically driven release of 
molecules from polyelectrolyte layers (on an electrode surface) is another option for rapid 
release chip-based technologies.41 Overall, our findings suggest that judicious choice of the 
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surface chemistry and plasmon illumination time can greatly tune the release rate of 
electrostatically adsorbed molecules from metal nanoparticles, with significant control from 
light. 
2.3 FUTURE WORK 
    This photothermal molecular release system has demonstrated a promising route for future 
drug delivery applications based on gold nanorods. However, only 6% of the molecules loaded 
on the GNR surface were released after 60 min of continuous-wave laser irradiation. The slow 
release rate and relative small release percentage should be further increased in real drug delivery 
systems. In order to improve the release rate and percentage, larger laser power can be used to 
generate a higher temperature excursion in the drug delivery system to accelerate the 
de-complexation and diffusion rate of molecules as well as to increase the thermal expansion of 
the polymer layers. Though higher temperature can favor faster release, it may also induce 
thermal degradation of the loaded drug molecules, and a proper laser power should be chosen to 
ensure both the rate and quality of drug release. With cw laser irradiation, temperature in the 
whole region in the laser spot tends to increase. In order to get the localized heating only around 
gold nanorods, ultrafast laser pulse irradiation should be applied. Laser pulses can also generate 
large transient temperature rise to get a faster release rate. However, the problem of thermal 
degradation of drug molecules might also be severe. Testing the drug delivery system in 
biological environment is essential for its future application in clinical use. More experiments 
should be done other than in the simple aqueous solution environment. For example, this 
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molecular release system should be first tested at human body temperature of 37 °C instead of 
room temperature, pH and salt concentration can also affect drug release somehow. Despite the 
preferential accumulation of gold nanoparticles at tumor sites by the enhanced permeability and 
retention effect, the surface of GNRs should be further modified with molecules that have 
biocompatibility to the environment and biorecognition to the specific tissues or cells in order to 
get a higher efficiency of photothermal therapy and drug delivery to the targets. Thus the next 
test of this molecular release system should be performed in malignant tumor cell cultures or 
even in mice. Near infrared laser penetration efficiency in human organs still need to be tested to 
ensure effective laser-triggered release, but large laser power can also definitely harm human 
body. Various parameters and more tests in biological systems should be first done to get the 
potential drug delivery system into future biomedical applications. 
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Scheme 2.1 GNR coating and R6G wrapping in different types of polymer layers: 
(GNR+PAA+R6G+PAA)  
(GNR+PAA+R6G+PAA+PAH) 
(GNR+PAA+R6G+PAA+PAH+PAA) 
(GNR+PAA+R6G+PAH) 
(GNR+PAA+R6G+PAH+PAA).  
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Figure 2.1 Isothermal titration calorimetry of R6G with PAA alone.  ∆H = -1.6×103 kcal/mol; 
∆S = -5.5 kcal/mol/K; equilibrium binding constant = 4700 M-1. 
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Figure 2.2 Layer-by-layer polyelectrolyte characterization at each step for 
GNR+PAA+R6G+PAA+PAH+PAA. (a) Electronic absorption spectra. (b) Zeta potential 
measurements; 1: original GNR; 2: GNR+PAA; 3: GNR+PAA+R6G (showing a decrease in zeta 
potential to more positive values, but not total coverage); 4: GNR+PAA+R6G+PAA; 5: 
GNR+PAA+R6G+PAA+PAH; 6: GNR+PAA+R6G+PAA+PAH+PAA. 
  
(a) 
(b) 
45 
 
 
 
Figure 2.3 (a) Electronic absorption spectra of dye-loaded gold nanorods before and after laser 
irradiation, compared to controls. Black: original GNR; red: GNR+PAA+R6G+PAA without 
laser irradiation; green: GNR+PAA+R6G+PAA with laser irradiation for 60 min. (b) 
Transmission electron micrograph (TEM) of the original GNRs. (c) TEM of 
GNR+PAA+R6G+PAA without laser irradiation. (d) TEM of GNR+PAA+R6G+PAA with laser 
irradiation for 60 min. All scale bars = 500 nm. 
  
(a) 
(b) (c) (d) 
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Figure 2.4 (a) Dye release rates plotted as supernatant fluorescence intensity vs. laser irradiation 
time of the samples with PAA as the first trapping layer. Black: GNR+PAA+R6G+PAA; red: 
GNR+PAA+R6G+PAA+PAH; green: GNR+PAA+R6G+PAA+PAH+PAA. Inset showed the 
raw fluorescence data of GNR+PAA+R6G+PAA laser irradiated sample (orange) and control 
sample (purple). (b) Dye release rates plotted as supernatant fluorescence intensity vs. laser 
irradiation time of the samples with PAH as the first trapping layer. Black: 
GNR+PAA+R6G+PAH; red: GNR+PAA+R6G+PAH+PAA. Inset showed the raw fluorescence 
data of GNR+PAA+R6G+PAH laser irradiated sample (orange) and control sample (purple). All 
data are the average of three runs, one standard deviation from the mean is represented by the 
error bars, and all are on the same vertical scale. 
  
(a) (b) 
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Table 2.1 Quantification of the Number of R6G Molecules Bound to Each Gold Nanoparticle 
(from 5000 R6G/GNR in the original incubation solutions) and the Number of R6G Molecules 
Released from Each Gold Nanoparticle after 60 min Laser Irradiation. 
Sample 
Initial bound 
R6G#/GNR 
Released R6G/GNR at 
60 min 
GNR+PAA+R6G+PAA 1690±97 101 ± 6 
GNR+PAA+R6G+PAA+PAH 1482±190 36 ± 5 
GNR+PAA+R6G+PAA+PAH+PAA 1220±155 0 ± 0.1 
GNR+PAA+R6G+PAH 1718±140 36 ± 3 
GNR+PAA+R6G+PAH+PAA 1555±151 0 ± 0.1 
GNP+PAA+R6G+PAA 1455±248 2.0 ± 0.4 
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Figure 2.5 (a) Dye release rate plotted as the release percentage vs. time for different samples by 
laser irradiation. Black: GNR+PAA+R6G+PAA; red: GNR+PAA+R6G+PAA+PAH; green: 
GNR+PAA+R6G+PAH; blue: GNP+PAA+R6G+PAA. (b) Dye release rate plotted as the 
release percentage vs. time by thermal heating in a water bath for GNR+PAA+R6G+PAA (black 
curve in part (a)) compared to laser irradiation. 
 
 
  
(a) 
(b) 
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CHAPTER 3 
 
ULTRAFAST THERMAL ANALYSIS OF SURFACE 
FUNCTIONALIZED GOLD NANORODS IN AQUEOUS 
SOLUTION 
 
3.1 INTRODUCTION   
Gold nanorods (GNRs) exhibit both transverse and longitudinal surface plasmon 
resonances, tunable from the visible to the near-infrared (NIR) as a function of nanorod shape,1,2 
and can absorb photons and convert light into heat through a series of non-radiative 
photophysical processes.3 When a gold nanorod interacts with a femtosecond laser pulse, the 
photothermal events include: (1) an increase in the electron temperature, through 
electron-electron scattering, within several hundred fs; (2) an increase in the lattice temperature, 
through electron-phonon coupling, within 1-10 ps; (3) dissipation of heat from the hot particle to 
the surrounding media to reach thermal equilibrium within 100 ps to several ns, depending on the 
particle size, thermal properties of the surroundings, and laser intensity.3–5  
The combination of photothermal effects with the ability to functionalize the GNR surface 
has led to potential biological applications of GNRs such as targeted cell ablation6–8 and targeted 
drug delivery.9–12 Engineering applications of GNRs and other plasmonic nanomaterials require 
improved scientific understanding of thermal transport at the nanocale.13,14 The study of heat 
transfer rate or spatio-temporal temperature distribution around the heated nanostructures is 
This chapter is reprinted with permission from Jingyu Huang, Jonglo Park, Wei Wang, Catherine 
J. Murphy and David G. Cahill, ACS Nano, 2013, 7 (1), pp 589–597. (DOI: 10.1021/nn304738u) 
Copyright © 2012 American Chemical Society. 
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important for both photothermal therapies, and the effect of local heating on catalysis15 and 
surface reactions.16–18 Moreover, the study of thermal transport can provide information about 
vibrational energy transfer through molecular adsorbates, and thereby probe the properties of the 
adsorbed molecular layer.19,20 
Pump-probe transient absorption has been widely applied to study heat transfer from noble 
metal nanoparticles to their surroundings.21–27 The particle/water interface thermal conductance 
(G) of GNRs with different ligands on their surface has been studied by Hamad-Schifferli et al. 
by probing changes in the longitudinal surface plasmon band; these transient absorption changes 
were modeled numerically to extract values for the effective interface thermal conductance 
G.24,25 However, in their work24,25 the model fitting could only be applied to absorption changes 
at time scales longer than 300 ps, and their calculated thermal conductivity (the product of G and 
thickness of the ligand layer ) of the surface layers were ~1 W m-1 K-1, much larger than the 
typical values of 0.1-0.5 W m-1 K-1 for organic materials.28 Hamad-Schifferli et al. used a 
frequency-doubled pump laser at 400 nm to heat the GNRs (which had a longitudinal plasmon 
peak at 770 nm) and a probe laser at 800 nm to perform the transient absorption experiments. 
Transient absorption data taken at the red side of the plasmon band will include contributions 
from both gold nanorod cooling and the heating of the surrounding media26,29; the sum of these 
two processes can be misinterpreted as large G values.  
This artifact can be avoided by tuning the pump and the probe to the wavelength of peak 
absorption.26,29 By combining transient absorption measurements at the wavelength of peak 
absorption and measurements of the coating thickness by dynamic light scattering (DLS), we 
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find that we can determine both the thermal conductivity and heat capacity per unit volume of 
the nanorod coatings. Our approach for thermal analysis using temperature excursions on 
picosecond to nanosecond time-scales is analogous to the use of the plasmon resonance to probe 
the index of refraction of the immediate surroundings of the nanorods. The plasmon resonance 
involves electric fields that are localized to the close proximity of the nanorod. Following rapid 
heating of the nanoparticle by the pump optical pulse, temperature excursions are similarly 
confined on small length scales. Thermal diffusion constants in water or organic layers are on the 
order of 10-3 cm2 s-1. Therefore, thermal diffusion distances on time-scales of 10 ps to 1 ns are 2 
to 20 nm. 
 
3.2 RESULTS AND DISCUSSION 
Gold nanorods were prepared by the aqueous seed-mediated and silver-assisted method30. 
The aspect ratio was controlled so that the longitudinal surface plasmon wavelength maximum 
was at ~776 nm. Transmission electron microscopy (TEM) showed that the GNRs had average 
dimensions 46±5 nm × 12±1.1 nm, for an aspect ratio of 3.8 (Figure 3.1). ζ-potential 
measurements confirmed that the GNR colloids were positively charged at pH 7, due to the 
cationic surfactant cetyltrimethylammonium bromide (CTAB) bilayer on the surface of the 
synthesized GNRs.1,31 GNR concentrations in aqueous solution were kept at ≈0.15 nM for 
absorption spectra measurements and ≈1 nM for transient absorption and dynamic light 
scattering measurements. The optical path length of the sample solutions was 1 cm for 
absorption spectra measurements and 0.1 mm for transient absorption measurements. 
(a) 
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Transient absorption was used to probe thermal transport from the GNR, through the 
organic coatings, and into the surrounding water. A laser power of 1.5 mW was chosen for both 
pump and probe beams compromise between a high level of signal-to-noise and low temperature 
rise of the GNRs. The average transient heating for the entire ensemble GNRs was estimated to 
be 7 K by dividing the total energy absorbed by the GNRs per pump laser pulse with the 
volumetric heat capacity of gold and the total volume of gold in the laser beam spot. The 
temperature excursions of individual GNRs vary widely because of the dependence of the optical 
cross-section on orientation and aspect ratio. We estimate a maximum heating of 45 K for GNRs 
with the maximum optical cross-section. For such temperature rises, there should be no nanorod 
melting shape change,3,32 the stable signals of repeated transient absorption experiments at the 
same sample spot also proved the thermal stability of GNRs under this laser power. The 
absorbance change created by pump heating of ~10-3 is small compared to the total absorbance of 
the sample solution of ~0.1. For such small absorbance excursions, the GNR absorbance can be 
considered to change linearly with the GNR temperature. 
To gain insight on how the transient absorption signal changes with the choice of pump and 
probe wavelengths, we first studied the transient absorption of the GNR aqueous solution using 
the same wavelength for the pump and probe and varied the wavelength from 740 nm to 820 nm, 
i.e., from the blue side to the red side of the peak of the longitudinal plasmon absorption. The 
decay of the transient signal is faster at the blue side of the plasmon peak and slower at the red 
side (Figure 3.2a). 
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We also performed experiments using sharp edged optical filters33 to fix the pump beam 
wavelength at 790 nm while changing the probe beam wavelength from 790 nm to 770 nm. (The 
homogeneous line-width of a single GNR of aspect ratio 3.8 is expected to be 30-40 nm34 and 
therefore the absorption of our samples, see Figure 3.1a, has significant inhomogeneous 
broadening.) Using this approach, we observe an even more pronounced dependence of the 
decay of transient absorption on probe wavelength (Figure 3.2b) than when both the pump and 
probe wavelengths are changed simultaneously (Figure 3.2a). 
The dependence of the transient absorption signal on the laser wavelength can be attributed 
to the effects of heating and resulting changes in the index of refraction of the surrounding 
media, when the heat flows out of GNR to the surroudings. The absorption spectra for ellipsoidal 
particles is described by Gans theory3,5: 
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where σabs is the absorption cross section, V is the volume of the particle, λ is the wavelength of 
light, εm is the media dielectric constant, ε1 and ε2 are the real and imaginary parts of gold 
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where a, b, and c are the three axes of the nanoparticle, a>b=c, e=(1-(1/AR)2)1/2, and AR is the 
aspect ratio of the GNRs. Thus, the absorption spectra change of GNRs can be affected by both 
the dielectric constants of gold and the surrounding media. The total absorption cross section 
change can be considered to be the addition of both factors26:   
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where Tp is the temperature of the gold nanorod, Tm is the temperature of the media surrounding 
the GNRs. Using Gans theory and the temperature-dependent optical properties of Au35, we 
estimate that the values of the six coefficients at the GNR plasmon absorption peak are: 
∂σabs/∂ε1≈-2×103 nm2; ∂σabs/∂ε2≈-5×103 nm2; ∂σabs/∂εm≈-4×102 nm2; dε1/dTp≈2×10-3 K-1; 
dε2/dTp≈2×10-3 K-1; dεm/dTm≈-2×10-4 K-1.  
Increasing the temperature of gold nanorods induces a red shift of the plasmon peak and a 
decrease in the peak height,36–38 while the heating of water causes the water dielectric constant to 
decrease,39 which blue-shifts the plasmon peak.38,40 At short time scales, when the heat generated 
within the GNR has not yet been transferred to the surrounding media, εm is constant and the 
transient absorption signal is only due to the temperature increase of the GNRs; at long time 
scales when the heat has been transferred to the surrounding media, εm decreases and shifts the 
GNR absorption peak to blue. At the wavelength of peak absorption, the coefficient of the ΔTp 
term in Eq. 3.4 is ≈-14 nm2 K-1, while the coefficient of the ΔTm term in Eq. 3.4 is close to zero, 
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≈0.08 nm2 K-1. Thus, all subsequent measurements were performed by setting the wavelength of 
the pump and probe at the wavelength of peak absorption. 
As-synthesized GNRs bear a bilayer of CTAB on their surfaces,1,31 which is in equilibrium 
with free CTAB in solution. (The fact that other quaternary ammonium surfactants can exchange 
with CTAB upon prolonged exposure41 provides evidence that the kinetics are sufficient to 
establish equilibrium between the nanorod coating and the solution.) To vary the properties of 
the CTAB surface layer, GNR pellets were dispersed in CTAB solutions with the concentration 
varying from 0 mM to 100 mM. The final CTAB concentration in the sample solution were 
estimated with the assumptions that: (1) the GNRs originally had a 3.9 nm CTAB layer before 
dispersion, and after dispersion, part of the CTAB molecules originally on the GNR surface 
desorb and reduce the CTAB layer thickness to what has been estimated from DLS data, per the 
discussion below; and (2) the CTAB layer has a density of 1 g mL-1. The final CTAB 
concentration in the sample solution is the sum of the starting CTAB concentration in the 
solution and the contribution from CTAB removed from the GNR surface (Figure 3.3b-c), which 
also depends on the GNR concentration in the sample solution.  
The plasmon peak of the sample shifted to the red, from 776 nm to 788 nm (Figure 3.3a-b) 
as the CTAB solution concentration increased from 0.001 mM to the critical micelle 
concentration (cmc), 0.92-1.00 mM.42,43 As expected, the wavelength of peak absorption stayed 
constant at concentrations exceeding the cmc since the presence of CTAB micelles in solution 
approximately fixes the chemical potential. 
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Dynamic light scattering measurements showed a small increase of the effective 
hydrodynamic diameter (dH) of the GNRs in water upon increasing the CTAB solution 
concentration up to 1 mM CTAB in solution (Figure 3.3c). From 1-100 mM, the apparent size of 
all objects in solution increases much more dramatically, an effect that we attribute to presence 
of CTAB micelles in the solution. The experimental thickness (h) of the CTAB bilayer can be 
extracted from the hydrodynamic diameters using the following relationships:44,45 
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where dH is the hydrodynamic diameter due to the translational diffusion of the GNRs, kB is the 
Boltzmann constant, T is the temperature of sample solution, η is the solution viscosity, Dt is the 
translational diffusion constant, L is the total length of the coated GNR, dcs is the total diameter 
of the coated GNR, LGNR and dGNR are the bare average length and diameter of the GNRs 
measured from TEM micrographs.  
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We found that the transient absorption signals measured at the peak of the plasmon 
absorption (Figure 3.4a) can be used to extract both the thermal conductivity and heat capacity of 
the CTAB layers surrounding the GNRs. The rapid decay during the first 10 ps is due to 
electron-phonon coupling, and is followed by acoustic vibrations which decay by ≈500 ps.5 Data 
were analyzed using a heat conduction model developed by A. Schmidt and co-workers24. This 
model neglects the interfacial thermal conductances of particle/surface and surface layer/solvent 
interfaces, instead, the factors from the interfacial thermal conductances are included into the 
thermal properties of the surface layers, otherwise, fitting would be impossible with more than 
two free parameters in this case. The calculated thicknesses (h) of the CTAB bilayer in different 
samples, using Eqs. 3.5-3.9, are displayed in Table 1. For GNRs in CTAB solutions above the 
critical micelle concentration, we used a thickness of 3.9 nm. Since the absorption spectra and 
transient absorption of the 10 mM CTAB and 100 mM CTAB solutions are similar to that of 
GNRs in 1 mM CTAB solution, it implies that the CTAB bilayer structure for GNRs in >1 mM 
CTAB solution is constant. 
Table 3.1. Thickness of CTAB Layers on GNRs in CTAB Solutions with Different Estimated 
Final CTAB Concentrations. 
[CTAB] (mM) 0.006 0.007 0.014 0.10 1.0 10 100 
h (nm) 2.9 2.9 3.2 3.6 3.9 3.9 3.9 
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A typical fit of the transient absorption data to the model is shown in Figure 3.4b; the fit is 
constrained to delay times between 30 ps and 2 ns. We treated the thermal conductivity (Λ) and 
volumetric heat capacity (C) of the CTAB bilayer as free parameters in the fit. The deviation (D) 
between the fit and the data was calculated using Eq. 3.10. 
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where |absFit| and |absData|are the absolute absorbance of the fit and data at a certain delay time, 
respectively; n is the number of points. A contour of constant deviation between the fit and the 
data for this two-dimensional parameter space are plotted in Figure 3.5. This contour is drawn at 
the points where the deviations are twice the minimum deviation (D≈10-3) between the data and 
the fit.  
The thermal conductivity (Λ) of the CTAB bilayer is centered at ≈0.24 W m-1 K-1 for 
samples at CTAB concentrations < 1 mM, which decreases to ≈0.18 W m-1 K-1 for samples at 
CTAB concentration > 1 mM. The data further suggest that a full CTAB bilayer has a thermal 
conductivity more dominated by the organic alkyl chain than water, as thermal conductivities for 
alkanes at 20˚C are 0.11-0.14 W m-1 K-1 while that of water is 0.61 W m-1 K-1. 23,46 The 
volumetric heat capacity of the CTAB bilayer is constant and centered at 2.0 J cm-3 K-1, which is 
similar to the values reported for many polymers.28  
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The surface charge of CTAB-coated GNRs is positive in water45. Polyelectrolyte 
layer-by-layer coating is an effective way to increase the thickness of the surface layers on GNRs 
and also to convert positively-charged nanorods into negatively-charged ones and vice-versa.47 
For GNRs with polyelectrolyte coatings, the longitudinal plasmon peak shifts after each coating 
step due to the change in the refractive index of the surrounding media (Figure 3.6a); here, 
poly(acrylic acid) (PAA) is the anionic polyelectrolyte, and poly(allylamine hydrochloride 
(PAH)) is the cationic polyelectrolyte, which are added in succession to the surface of GNRs. 
The first PAA layer coating blue-shifts the plasmon peak ~8 nm. This phenomenon can be 
explained by considering that the surrounding environment change from organic-like to 
water-like, as hydrophilic PAA molecules replace part of the CTAB bilayer and bring associated 
water molecules near the GNR surface. As additional polyelectrolyte layers are deposited, the 
plasmon peak maximum shifts slightly, in an alternating fashion, for each layer (Figure 3.6b). 
ζ-potential measurements confirm the alternating surface charge upon successive rounds of PAA 
or PAH coating (Figure 3.6c).  
Dynamic light scattering measurements show an increasing hydrodynamic diameter of the 
particles after the polyelectrolyte coatings, as expected, although the PAA/PAH alternating 
behavior in the shift of the plasmon band is recapitulated in an alternating trend in overall 
effective size (Figure 3.6d). Whether this means that polyelectrolyte layers are being released for 
the odd-number layers, or multilayers are added for the even-number layers, is not clear from 
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this data alone. Nonetheless, the same approaches for transient absorption measurements and 
data analysis can be applied to these samples as they were to the CTAB-coated samples.  
The calculated thickness for the polyelectrolyte layers is shown in Table 2. The increasing 
thickness of PAA-terminated (layers 1, 3, 5) coating layers measured by DLS is not reflected in 
the degree of red-shifting of the plasmon absorption peak that would be expected if the index of 
refraction of the coating is constant. In other words, as the coating layer increases, the coating 
layers are apparently becoming less dense. The PAH-terminated (layers 2, 4, 6) coating layers 
with the increasing layer thickness have the same plasmon absorption peak position. This also 
implies that the as the number of coating layers increases, the density decreases.  
Table 3.2 Thickness of Polyelectrolyte Layers (PEL) on Wrapped GNRs 
No. of PEL 0 1 2 3 4 5 6 
h (nm) 2.9 3.8 7.2 5.6 9.4 7.7 12.6 
 
 Transient absorption data were acquired at the wavelength of peak absorption of the 
polyelectrolyte-wrapped GNRs. The transient absorption changes of samples with PAH as the 
outer layer (layers 2, 4, 6) are significantly slower than samples with PAA as the outer layer 
(layers 1, 3, 5; Figure 3.7a). To fit the transient absorption data, all the polyelectrolyte layers and 
the original CTAB layer are considered as one surface layer with uniform thermal properties. A 
typical fit of the transient absorption data to the model is shown in Figure 3.7b. Both the thermal 
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conductivity (Λ) and volumetric heat capacity (C) are varied to fit the transient absorption 
curves. Contours of constant deviation between the fit and the data for this two-dimensional 
parameter space are plotted in Figure 3.8. This contour is drawn at the points where the 
deviations are twice the minimum deviation between the raw data and the fitted data.  
For PAA-terminated samples (layers 1, 3, 5 ), the Λ values increase from 0.32 W m-1 K-1 to 
0.45 W m-1 K-1 as the number of coating layers increases; C values range between 2.2 and 2.8 J 
cm-3 K-1. The increased Λ and C values compared to the CTAB-only coated GNRs can be 
explained by possible water penetration when the polyelectrolytes are present. For 
PAH-terminated samples (layers 2, 4, 6), Λ values decrease slightly from 0.58 W m-1 K-1 to 0.53 
W m-1 K-1, while C values increase from ~3.2 J cm
-3 K-1 to ~4.8 J cm-3 K-1 as the number of 
coating layers increases. The larger numbers compared to CTAB-only and PAA-terminated 
GNRs suggest that even more water is present near the GNR surface for PAH-terminated GNRs.  
 Periodic changes in water content with alternative anionic and cationic polyelectrolyte 
multilayer coatings has been widely observed.48–52 Neutron reflectivity studies of multilayers of 
polystyrene sulfonate (PSS) and PAH on silicon surfaces suggest that these polyelectrolyte 
multilayer films are heavily hydrated; water occupies > 40% of the volume within the films.48 In 
the PSS/PAH study, the data suggested that the water content varied periodically with the nature 
of the layers (PSS was more hydrated than PAH).48 The swelling behavior of layer-by-layer 
assemblies of PSS/PAH was investigated.49 A pronounced “odd-even effect” in the thickness and 
refractive index of the swollen layers depending on the outmost layer type was observed. They 
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concluded that water was pressed out of the multilayers when PAH is adsorbed onto the PSS 
layer and more water penetrates into the multilayer after the next adsorption of PSS layer.49 
Similar “odd-even effect” in the thickness53 and Young’s modulus54 for PAA/PAH multilayers 
have been reported, in which the PAA-terminated multilayers have relatively smaller thickness53 
and higher Young’s modulus54 than the PAH-terminated multilayers. Our data suggest that a 
similar situation is present in the PAA/PAH multilayers on GNRs, in that the apparent water 
content varies periodically with nature of the wrapping layers and therefore affects thermal 
conductivity and heat capacity of the layers. 
Transient absorption spectra of gold nanorods with rationally tuned surface coatings have 
been examined for different surface treatments, in order to analyze the thermal conductivity and 
heat capacity of the coatings. The quaternary ammonium surfactant CTAB forms a bilayer on the 
gold nanorods, with CTAB above the critical micelle concentration fixing the structure of the 
bilayer and the thermal properties. Dynamic light scattering can be used to measure the thickness 
of the surface layer with high precision. Polyelectrolyte multilayer coatings on top of the CTAB 
alter the apparent hydrophobic organic environment around the GNRs; polyelectrolyte and water 
penetration results in the increased thermal conductivity and heat capacity for the surface layers. 
The thermal conductivity and heat capacities measured in a transient absorption experiment can 
be used to infer the physical and chemical nature of species within ~10 nm of the surface of gold 
nanorods. 
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3.3 FUTURE WORK 
    This work used transient absorption technique to characterize the thermal properties of the 
surface coatings on the surface of gold nanorods. It also enables the calculation of spatiotemporal 
temperature evolution around a laser pulse-heated GNR with the heat conduction model and the 
thermal conductivity and volumetric heat capacity values of the coatings. This kind of 
knowledge is important for designing photothermal therapy and drug delivery with laser pulses 
and estimation of tumor ablation and drug release efficiencies. However, there are still several 
points need to be further improved in order to get more precise results. (1) Dynamic light 
scattering was used to measure and calculate the thickness of surface coatings. The 
hydrodynamic diameter may still have slight difference with the real thickness of the coatings 
due to the hydration effect, though it is more precise than normal TEM measurements in which 
the samples are dried on grids to give a totally different status as that in solutions. Though we 
assume the coating around a GNR has the same thickness, we still do not know if the coating is 
thicker on the sides than the tips or vice versa in the actual samples. Thus TEM graphs of 
samples frozen directly from the solution could be applied to study the actual coating 
thicknesses. (2) In the transient absorption measurements, GNRs in the solutions have 
orientations in all directions out of the circular laser plane, the laser pulses have a higher power 
intensity in the middle than at the edges, and GNRs in the samples also have certain 
polydispersity. All of these factors can result in different degrees of temperature increase in each 
GNR. Thus the transient absorption is detecting the average cooling rate of the GNRs in the 
whole sample. The elimination of these factors may be limited by the instrument techniques, but 
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single nanoparticle spectroscopy can be a promising way to solve at least some of these 
problems. (3) We calculated the average thermal properties of the layer-by-layer surface 
coatings, but these parameters should be different for each individual polyelectrolyte layer. Thus 
if we need to know the temperature among each layer, more detailed characterization and more 
complicated models should be applied. Of course the interfacial thermal conductance between 
each elements should also be considered. (4) Spatiotemporal temperature distribution around a 
GNR can be calculated with the above method theoretically, but there can also be more problems 
in a complicated drug delivery or photothermal therapy system than in such simple samples. 
Thus developing nanoscale molecular thermometers can be an alternative way to directly 
measure the temperature around a gold nanoparticle with either cw or pulsed laser irradiation to 
avoid the difficulties of building complicated models.  
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3.4 MATERIALS AND METHODS 
Materials. Hydrogen tetrachloroaurate (III) hydrate (HAuCl4·3H2O, 99.999%), sodium 
borohydride (NaBH4, 99.99%), silver nitrate (AgNO3, >99.0%), (poly(acrylic acid) sodium salt), 
M.W. ∼15,000 (35 wt% solution in H2O) (PAA), and polyallyamine hydrochloride, M.W. 
∼15,000 (PAH) were obtained from Aldrich. Cetyltrimethylammonium bromide (CTAB, >99%) 
and ascorbic acid (C6H8O6, >99.0%) were purchased from Sigma Chemical. Sodium chloride 
(>99.0%) was obtained from Fischer Chemicals. All of these reagents were used without any 
further purification. All solutions were prepared using Barnstead E-Pure 18 MΩ water.  
Synthesis of Gold Nanorods. Gold nanorods with aspect ratios ~3.8 were synthesized using 
a seed-mediated silver-assisted method.30 At first, gold seeds with diameter ~2-4 nm were 
synthesized by adding 0.6 mL 0.01 M ice-cold NaBH4 solution into a mixture of 0.25 mL 0.01 M 
HAuCl4 aqueous solution and 9.75 mL 0.1 M cetyltrimethylammonium bromide (CTAB) 
aqueous solution, followed by vigorous stirring for 10 min. The prepared brownish gold seed 
solution stood for 30 min before use. GNR growth solutions were prepared by mixing 0.5 mL 
0.01 M HAuCl4 solution, 9.5 mL 0.1 M CTAB solution, and 0.1 mL 0.01 M AgNO3 solution. 
Then 0.055 mL 0.1 M ascorbic acid solution as reducing agent was added into the growth 
solution, and 0.012 mL gold seed solution was added and the solution was allowed to stand 
overnight. The as-made GNR solution was purified twice by centrifugation at 11000 rpm for 20 
min to remove excess surfactants and other reactants. The synthesis could be scaled up to 200 
mL. 
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Preparation of Gold Nanorods in CTAB Solutions. GNRs in different concentrations of 
CTAB solutions were prepared by dispersing 0.05 mL of the twice-purified GNR pellet into 1.5 
mL deionized water or into 0.001, 0.01, 0.1, 1, 10, 100 mM CTAB solutions.  
Preparation of Gold Nanorods Coated with Polyelectrolyte Layers. GNRs coated with 
different layers of polyelectrolytes were prepared by the layer-by-layer absorption approach.47 
Solutions of 1 mL 0.01 M NaCl solution and 2 mL of 10 mg mL-1 poly(acrylic acid sodium salt) 
(PAA) or polyallylamine hydrochloride (PAH) (M.W. ~15,000) were added into 10 mL of 0.5 
nM GNR solutions and shaken for 2 hours to coat the GNR surface with polyelectrolyte 
multilayers. After each coating step, samples was diluted to 20 mL with deionized water, 
purified by centrifugation at 8000 rpm for 20 min (Thermo Scientific Sorvall Legend 
X1centrifuge in a “swinging bucket” orientation) and re-dispersed in deionized water.  
Characterization of Gold Nanorod Aqueous Solutions. The final GNR samples were 
characterized with UV-Vis absorption spectrometer, transmission electron microscopy, 
ζ-potential and dynamic light scattering measurements. Absorption spectra of the diluted samples 
with GNR concentration ~0.15 nM were taken on a Cary 500 scan UV−vis-NIR 
spectrophotometer. ζ-potential and dynamic light scattering measurements of samples with GNR 
concentrations of ~1 nM were taken on a Brookhaven ZetaPALS instrument. Transmission 
electron microscope images were taken on a JEOL 2100 Cryo TEM microscope at 200 kV 
accelerating voltage. TEM grids were prepared by drop-casting 15 μL of ~1 nM purified GNRs 
on a holey carbon TEM grid (Pacific Grid-Tech).  
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Transient Absorption Measurement. A mode-locked Ti:Sapphire laser that produces a 
series of <0.5 ps pulses at a repetition rate of 80 MHz was used for transmission measurement. 
The relative optical path lengths of pump beam and probe beam are adjusted via a mechanical 
delay stage. A 5X microscope objective lens was used to focus the pump and probe beams on the 
sample with the laser spot radius of 10.3 μm. Flat-sided capillary tubes with the inner dimension 
of 0.1×2 mm2 were used as fluid cell for GNR suspensions. The pump and probe beam powers 
were set ~1.5 mW, and the wavelengths could be adjusted from 730 nm to 830 nm. Sharp edged 
optical filters (790 LP, 785±1.5 BP, 780 SP, 770 SP from Omega Filters) were used to separate 
the pump and probe wavelengths as needed. The differences in transmitted probe intensity 
caused by the pump pulse appear at the f=9.8 MHz modulation frequency of the pump beam and 
were extracted with lock-in detection.21–23 Two quarter-wave plates were fixed before the 
objective lens and photo-detector individually to change the linear polarized beam to circular 
polarized beam and back. Transient absorption measurements to determine the thermal decay of 
multilayer-coated GNRs was taken with both the pump and probe wavelengths tuned to the 
absorption peaks of the GNR samples.  
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Figure 3.1 (a) UV-vis absorption spectrum of GNRs in aqueous solution. (b) Transmission 
electron micrograph (TEM) of the GNRs; the scale bar is 100 nm. (c) Distribution of the aspect 
ratios of GNRs as measured from TEM micrographs.  
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Figure 3.2 (a) Transient absorption of CTAB-coated GNRs in aqueous solution as a function of 
pump and probe wavelength, changed simultaneously. (b) Transient absorption of CTAB-coated 
GNRs in aqueous solution by fixing the pump wavelength at 790 nm and changing the probe 
wavelength from 790 nm to 770 nm. For the data at 770 nm, the transient absorption signal 
changes sign at a delay time of ≈700 ps. 
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Figure 3.3 (a) UV-vis absorption spectra of ~0.15 nM GNRs in CTAB solutions with different 
estimated final CTAB concentrations. (b) Longitudinal plasmon peak maxima for ~ 0.15nM 
GNRs in CTAB solutions as a function of the estimated final CTAB concentrations in the 
solutions. (c) Effective hydrodynamic diameters (dH) of ~1 nM GNRs in CTAB solutions 
measured by dynamic light scattering and equivalent thicknesses of CTAB bilayers (h) 
calculated from Eqs. 3.5-3.9 as a function of the estimated final CTAB concentrations in the 
solutions.  
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Figure 3.4 (a) Transient absorption of GNRs in CTAB solutions with different estimated final 
CTAB concentrations. (b) Circles: raw data of GNRs in 1 mM CTAB solution from pump-probe 
measurement; line: fitting for thermal conductivity of 0.18 W m-1 K-1 and volumetric heat 
capacity of 2.0 J cm-3 K-1 for the CTAB bilayer. 
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Figure 3.5 Data fitting for thermal conductivity and volumetric heat capacity of CTAB-coated 
GNRs in CTAB solutions. The contour edge indicates the Λ-C combinations that have a 
deviation between the fit and the data that is twice the minimum deviation. 
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Figure 3.6 (a) UV-vis absorption spectra of GNRs with different numbers of PAA and PAH 
alternating polyelectrolyte coating layers (1, 3, 5=PAA; 2, 4, 6=PAH). The number of 
polyelectrolyte layer 0 refers to the as-prepared GNR pellets dispersed directly in water. (b) 
Longitudinal plasmon peak maxima for GNRs as a function of polyelectrolyte layers. (c) 
ζ-potential of GNRs as a function of polyelectrolye layers. (d) Effective hydrodynamic diameters 
(dH) of GNRs with polyelectrolyte layers measured by dynamic light scattering and equivalent 
thicknesses (h) of polyelectrolyte layers calculated from Eqs. 3.5-3.9. 
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Figure 3.7 (a) Transient absorption of GNRs with different numbers of polyelectrolyte coating 
layers. (b) Circle: raw data of GNRs with 3 layers of polyelectrolyte coatings from pump-probe 
measurement; line: fitting for thermal conductivity of 0.38 W m-1 K-1 and volumetric heat 
capacity of 2.5 J cm-3 K-1 for polyelectrolyte layers.  
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Figure 3.8 Data fitting for thermal conductivity and volumetric heat capacity of multilayer 
polyelectrolyte-coated GNRs in aqueous solutions. Layers 1, 3, 5 are PAA, and layers 2, 4, 6 are 
PAH. The contour indicates the Λ-C combinations that have twice as much as the minimum 
deviation between the raw data and fitted data. 
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CHAPTER 4 
 
RESONANT SECONDARY LIGHT EMISSION FROM 
PLASMONIC Au NANOSTRUCTURES AT HIGH ELECTRON 
TEMPERATURES CREATED BY PULSED LASER 
EXCITATION 
 
4.1 INTRODUCTION 
The unique optical properties of Au and Ag nanostructures have enabled a wide variety of 
innovations in optical detection, sensing, and imaging.1 Two of the most important and widely 
studied of these applications involve the emission of light at a different wavelength than the 
excitation, i.e., secondary light emission: i) sensing of molecular layers by surface-enhanced 
Raman scattering (SERS)2,3 ; and ii) imaging of biological microstructures using light emission 
generated by ultrafast laser pulses, a process often referred to as two-photon luminescence 
(TPL)4,5. 
A common limitation of SERS for sensing adsorbed species is the background6 that appears 
as a broad continuum of light emission underlying the desired signal generated by the vibrational 
modes of the adsorbed molecules. This background is often attributed to unintentional 
fluorescence by impurities although processes involving photoluminescence of the substrate7,8; 
electronic Raman scattering by localized surface electronic states associated with the 
molecule/metal chemical bond9,10 have also been invoked. 
 
This chapter is reprinted with permission from Jingyu Huang, Wei Wang, Catherine J. Murphy 
and David G. Cahill, Proc. Natl. Acad. Sci. U.S.A. 2014, 111(3): 906-911. 
(DOI: 10.1073/pnas.1311477111) Copyright © 2014 National Academy of Science. 
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The quantum efficiency of TPL from metal nanoparticles is small compared to a molecular 
bleaching or blinking.5 The benefit of two-photon excitation is an improvement of the spatial 
resolution over what can typically be achieved by confocal fluorescence imaging. Proposed 
mechanisms for luminescence from Au or Ag nanostructures include fluorescence by interband 
transitions11-17, intraband transitions18 and radiative decay of surface plasmons19-22. 
The electromagnetic resonance of Au or Ag nanostructures are thought to play a critical role 
in both the background in SERS and the emission typically described as TPL. In the language of 
quantum mechanics, the optical process for the annihilation of an incident photon and the 
creation of an emitted photon involves a resonance with a plasmon; therefore, light emission by 
plasmonic nanostructures is a type of resonant secondary emission. The interpretation of resonant 
secondary light emission in terms of fundamental processes has been controversial for 40 years. 
Klein, and Solin and Merkelo argued that resonant Raman scattering and hot luminescence are 
formally equivalent23-25. Shen countered26-27 that emission can be broken down into a Raman 
scattering component and a luminescence component28-29 based on the longitudinal and 
transverse relaxation times. In a 1991 review, Kono and co-workers found a similar division into 
“Raman-like” and “fluorescence-like” components of the secondary emission30. 
We do not attempt to address this controversy directly but instead point out that resonant 
electronic Raman scattering and resonant fluorescence may both be useful descriptions of the 
secondary emission. An important conclusion of our work is, however, that blue-shifted 
secondary emission generated by pulsed laser excitation at a plasmon resonance in the 
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near-infrared is not the result of a two-photon absorption followed by radiative decay of a 
plasmon and is instead better described by electronic Raman scattering from single-particle 
electron-hole pair excitations31,32 of the Au or Ag metal that are resonantly enhanced by the 
plasmon. (In a classic study published nearly 50 years ago, Kawabata and Kubo33 described the 
mechanisms by which a plasmon decays by transferring energy to electron-hole pairs.) In 
particular, the changes in the anti-Stokes spectra with the energy and duration of the ultrafast 
laser pulse are quantitatively predicted by a two-temperature model; and the time-scale of the 
non-linearity is consistent with the cooling time of hot-electrons.  
 
4.2 RESULTS AND DISCUSSION 
Figure 4.1 compares the optical absorption spectra and the spectra of light emission using 
488 nm cw laser excitations for aqueous suspensions of AuNRs with three aspect ratios. To 
facilitate this comparison, we use a common x-axis for both plots; since we will argue that the 
light emission by the AuNRs can be described by a resonant Raman scattering process, we label 
the x-axis of both plots “Raman shift”. The corresponding wavelength for absorption or emission 
is given on the top axis. Raman scattering by the band of OH stretching vibrations of water is the 
dominant feature near a shift of 3300 cm-1. The spectra of light emission from all three AuNR 
suspensions show a broad peak near 525 nm. For aspect ratios of 2.3 and 3.8, the spectra also 
show a broad peak at longer wavelengths that corresponds to the position of the peak absorption 
created by the longitudinal plasmon resonance. The ratio of scattering cross-section and 
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absorption cross-section of the AuNRs of our dimensions is smaller than 0.05,34 thus the y-axis 
in Fig. 4.1A can be approximately set as absorbance instead of extinction. 
The similarity of the optical absorption and light emission spectra of AuNR has been noted 
before13,18,20,21 and is typically attributed to light emission associated with the plasmon resonance 
of the AuNR.20,21 The proposed mechanisms of the luminescence involve i) the creation of 
energetic electron-hole pairs by the 488 nm photon; ii) the relaxation of these electron-hole pairs 
by excitation of the collective longitudinal plasmon; iii) radiative decay of the longitudinal 
plasmon by emission of near infrared photons. 
Inspired by Klein’s assertion of the equivalence of hot luminescence and resonant Raman 
scattering23, we assert that the secondary light emission under 488 nm excitation is equally well 
described by Raman scattering by a broad spectrum of single-particle electron-hole excitations 
and that the peak observed in the spectra is the result of the enhancements of the electric fields of 
the scattered radiation by the plasmon resonance of the AuNR. In the usual situation where the 
spectrum of excitations is sharp and the resonance effects are weakly dependent on wavelength, 
the wavelength of the Raman scattered light will shift with the excitation wavelength. The 
system we are studying is the opposite: the spectrum of excitations is broad and the resonance 
effects have a strong dependence on wavelength. Since the plasmon resonance is fixed by the 
geometry of the AuNR, a change in the excitation wavelength will not change the peak position. 
Further support for this description comes from prior studies13,18,20,21 which employed varying 
excitation wavelengths and found that the emission peak of AuNRs overlapped with the optical 
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absorption or dark-field scattering peak. 
We next focus our attention on the largest aspect-ratio AuNR that have a resonance that was 
intentionally tuned to be close to the wavelength of operation of the Ti:sapphire laser oscillator. 
Fig. 4.2A compares the Raman scattering spectra from AuNRs excited by cw and pulsed laser 
excitation at 785 nm. The y-axis of these plots has been normalized by the average power of the 
excitation laser and the data acquisition time, i.e., the y-axis shows the intensity of scattered light 
normalized by the incident photon flux. The cw mode excitation produces a narrow anti-Stoke 
spectrum and a broad Stokes spectrum which does not change with the average power of the 
excitation laser. This indicates that the emission process is linear when the excitation laser is 
operated in cw mode. The anti-Stokes data is well-described by a thermal population of 
excitations with a characteristic temperature of 300 K. 
With pulsed laser excitation, however, the spectra become significantly more intense, 
broaden dramatically on the anti-Stokes side of the spectra, and depend on the laser pulse 
duration and average power. The emission is thus a nonlinear function of the incident photon flux. 
For spectra obtained with pulses of 0.45 ps duration, and a change in laser power of a factor of 4, 
the normalized anti-Stokes intensity increases by a factor of ≈3 at small energy shifts (-250 cm-1) 
and by a factor of ≈4 at large energy shifts (-1000 cm-1).  
The non-linear relationship between the spectral intensity S and the average power P of the 
pulsed laser excitation on the anti-Stokes side is emphasized further in Fig. 4.2B and 4.2C. We 
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believe that this non-linearity, which is approximately quadratic, has been often misinterpreted as 
signature of non-linear optical absorption via two-photon excitation of interband transitions17 
followed by fluorescence. We argue that this non-linear optical response is explained by a high 
temperature distribution of electron-hole excitations created by the short laser pulses and is not 
the signature of a direct optical non-linearity. In the language of Raman scattering, the strength 
of the scattering is high because both the incident and scattered fields are enhanced by the 
electromagnetic resonance of the AuNR.  
Furthermore, the intensity does not scale quadratically with the average laser intensity. At 
constant energy per pulse, we calculate that changing the pulse duration from 0.45 ps to 1.3 ps, 
decreases the integral of the square of the intensity by a factor of ≈3.5. An emission process that 
was initiated by two-photon absorption should therefore decrease in intensity by a factor of 3.5 
when the pulse duration is broadened. In our experiments, broadening the pulse duration reduces 
the emission intensity by a factor of only ≈1.5.  
To further test the role of the plasmon resonance, we also collected emission spectra of 
AuNRs with smaller aspect ratios excited by 785 nm laser pulses with an average power of 1 
mW, see Fig. 4.3. Spectra for AuNRs with longitudinal plasmon resonances at 523 nm and 647 
nm have much lower intensities because of the low enhancement factors, and the low optical 
cross-section that results in low electronic temperatures. (We could not measure emission spectra 
for these non-resonant AuNRs using cw excitation at 785 nm because the signals are too weak 
for our apparatus to detect reliably.) 
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We approximately describe the intensity S(Δω) of anti-Stokes electronic Raman scattering 
by the electron-hole excitations of the AuNR by the following equation35,36: 
( ) ( ) ( , )S f P t n t dt     ,       
2 2
,S I S Ig g                          (4.1) 
where P(t) is the laser intensity of an individual laser pulse as a function of time t; f=80 MHz is 
repetition rate of laser pulse; n(Δω,t) is the time-dependent electron-hole occupation number; σS,I 
is the Raman cross section of AuNR at the incident and scattering light frequencies; gS is the 
Raman enhancement factor for the scattered light; and gI is the Raman enhancement factor for 
the incident light. We define the sign of the Raman frequency shift Δω as a negative value on the 
anti-Stokes side of the spectra and positive on the Stokes side. 
The time-dependent electron-hole occupation number is: 
 
1
( , )
exp / ( ) 1B e
n t
hc k T t


 
  
                                    (4.2) 
where Te(t) is time-dependent electronic temperature of AuNRs; h is Planck constant; and c is the 
speed of light. In cw mode, Te(t)=T0=300 K. In pulsed mode, Te(t) greatly exceeds T0 during the 
optical pulse. 
We cannot determine Te(t) experimentally and instead focus our attention on an effective 
temperature Teff for the scattering process that we can derive from the data. We define Teff 
37 by 
equating the integral of the time dependent scattering intensity to the scattering intensity that 
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would be created by a constant electronic temperature. Teff can be thought of as a time average of 
Te(t) that is weighted by the emission intensity.  
( )
exp( / ) 1 exp( / ( )) 1B eff B e
Q P t dt
hc k T hc k T t 

     
                            (4.3) 
where ( )Q P t dt   is the total energy in one laser pulse. 
Equation 4.3 describes how we derive a prediction for Teff from a model for Te(t). We extract 
an experimental value for Teff from the data by dividing the intensity generated by pulsed laser 
excitation by the intensity generated by cw laser excitation. 
0
( )exp( / ) 1
exp( / ) 1 ( )
pulsedB
B eff cw
Shc k T
hc k T S

 
  

   
                                      (4.4) 
This approach has the advantage of eliminating the Raman enhancement factors, Raman 
cross-sections, and the calibration of the spectrometer from the analysis at the same Raman shift; 
but has the disadvantage of giving a different value of Teff for every value of the Raman shift. 
Data for the change in the effective temperature ΔTeff = Teff -T0 as a function of average laser 
power of the pulsed laser are summarized in Fig. 4.4A and 4.4B.  
The effective temperature on the Stokes side is defined in the same way and can also be 
calculated using Eq. 4.4. For Stokes scattering, n is replaced by n+1 in Eq. 4.1; Eqs. 4.3 and 4.4 
are valid for Stokes scattering where >0. Teff derived from the data deviates from the 
prediction at average laser power >1 mW with 0.45 ps pulses and at average laser power >2 mW 
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with 1.3 ps pulses. 
To make this analysis more quantitative, we employ a conventional two-temperature model 
to predict how the electron temperature varies as a function of time during the laser pulse. In the 
two-temperature model, the electron-hole excitations of the metal are assumed to have a thermal 
distribution characterized by a temperature Te(t). Since we are only interested in the electronic 
temperature, and the heat capacity of the phonons is large compared to the heat capacity of the 
electronic system, we do not consider time variations of the phonon temperatures and set T0=300 
K, independent of time. 
 02
0
( ) ( )
( )e abse e
dT t P t
C g T t T
dt r V


    ,    ( ) ( )e eC t T t                        (4.5) 
In Eq. 4.5, Ce is the volumetric heat capacity of electrons; γ=66 J m-3 K-2 is a constant38; σabs is 
the AuNR optical absorption cross-section of the AuNR; r0=4.7 μm is the 1/e2 intensity radius of 
the focused laser spot radius; V is the AuNR volume; and g=3.0×1016 W m-3 K-1 is the 
electron-phonon coupling parameter for Au38. In our experiments, we measured the temporal 
shape of the laser pulse using a conventional autocorrelator. The autocorrelation has a 
full-width-at-half-maximum of 0.65 ps and is described well by a Gaussian pulse shape, see Eq. 
4.6. P(t) is the time-dependent laser power intensity in one laser pulse that appears in Eqs. 4.5 
and 4.8. We were unable to measure the autocorrelation of the pulse after the etalon and 
therefore used two photon-absorption in a GaP detector to measure the correlation of the pulse 
after the etalon with a much shorter pulse that does not pass through the etalon. We determine the 
98 
 
pulse shape after the etalon by convoluting the correlation. The resulting pulse shape is fit by a 
phenomenological equation that combines a broadened onset with an exponential decay, see Eq. 
4.7. 
2
2
( ) exp
22
Q t
P t
 
 
  
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                                (4.6) 
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In Eq. 4.6, the pulse has a Gaussian shape, Q is the energy in one laser pulse, r0 is the 1/e
2 
intensity radius of the focused laser spot radius, and =0.19 ps is the temporal standard deviation 
of the pulse. This choice of  is equivalent to a full-width-at-half-maximum of 0.45 ps and an 
autocorrelation time 0.65 ps. We also calculated the fitting with a sech2 shape pulse with the 
same autocorrelation time 0.65 ps, which generates a FWHM of 0.45 ps; the calculation of Teff 
shows nearly no difference from the calculation using a Gaussian shape pulse. Pulses that travel 
through the etalon are described by Eq. 4.7 with τ1=1.2 ps, τ2=0.1 ps, and η=1.245 ps. The 
FWHM of these pulses is 1.3 ps. The temporal pulse shapes of these two cases are plotted as Fig. 
4.5A and the evolution of electron temperature for the two cases are plotted as Fig. 4.5B. 
Te(t) is calculated numerically by integrating Eq. 4.5. Examples of calculated values of Te(t) 
are plotted as Fig. 4.5B. The ratio of scattered light produced by pulsed and cw excitation in each 
pulse cycle of 12.5 ns is then: 
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We treat σabs as an adjustable parameter in Eq. 4.5 and find that σabs=2700 nm2 produces the 
best fit for the pulsed vs. cw ratio between the anti-Stokes data and the model at low average 
laser power at 0.45 ps pulse excitations. The calculated ratio using the same σabs value also 
agrees well with the anti-Stokes data at 1.3 ps pulse excitations. We use the anti-Stokes side of 
the spectra in this fit because the anti-Stokes data provide greater sensitivity to Teff than the 
Stokes data. The results of the calculation using σabs=2700 nm2 to calculate Te(t) from Eq. 4.5, 
and therefore the ratio of pulsed vs. cw spectra intensity as a function of frequency shift and laser 
power using Eq. 4.8, are shown in Fig. 4.6.  
Once σabs is fixed, and therefore Te(t) can be calculated from the two-temperature model, we 
calculate Teff using Eq. 4.4. These predictions for ΔTeff are compared to ΔTeff derived from the 
experiment in Fig. 4A and 4B. At low laser powers, the predictions agree closely with 
experiment for both pulse durations and both the anti-Stokes and Stokes side of the spectra. At 
high laser power, the experimental value for ΔTeff exceeds the predictions. The deviation of the 
data from the prediction is larger for short pulse duration and larger on the Stokes side of the 
spectra than the anti-Stokes side of the spectra. We speculate on the origin of these discrepancies 
at high electron temperature below. 
Predicted values of σabs using the discrete dipole approximation (DDA) method are 
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σabs=3800 nm2 for 4410.7 nm2 AuNRs39 and σabs=4700 nm2 for 4812.2 nm2 AuNRs34 for 
linearly polarized light oriented with the electric field vector along the long-axis of the AuNR. 
For circularly polarized light, the maximum optical absorption cross section is reduced by a 
factor of 2. Thus, the expected values of the maximum possible cross-sections and the value of 
σabs=2700 nm2 we used to fit the anti-Stokes data agree to within a factor of 2 and we conclude 
that both the intensity of the scattering and the changes in the scattering with laser power are 
adequately described by a two-temperature model.  
We do not expect better agreement between the predicted and fitted cross-sections because 
of the non-linearity of the light emission and the multiple inhomogeneities in the experiment: i) 
polydispersity of the aspect-ratio of the AuNR; ii) the Gaussian spatial profile of the excitation 
laser; and iii) the three-dimensional random orientations of the AuNRs. The polydispersity and 
three-dimensional orientations of AuNRs will tend to decrease the apparent cross-section; the 
Gaussian profile of the excitation laser will tend to increase the apparent cross-section because of 
the factor of 2 larger intensity (and therefore higher electronic temperatures) at the center of the 
beam compared to the average intensity calculated using an effective beam area of πr02. 
In Fig. 4.4C and 4.4D, we make a more detailed comparison between measured and 
calculated ΔTeff at the Raman shifts of -500 and 500 cm-1. We do not yet understand the origin of 
the discrepancy at high average laser power and speculate that the cross-section for secondary 
emission increases for some reason at higher electronic temperatures. The strong enhancement of 
emission on the Stokes side of the spectra relative to the prediction of Raman scattering by single 
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electron-hole pairs suggests to us that higher-order processes are involved. These higher-order 
processes may be analogous to multi-phonon resonant Raman scattering that is often observed 
when the excitation photon energy exceeds the band gap of a semiconductor. 23,40 
We directly determined the time-scale for the non-linearity of the light emission using a pair 
of ultrafast excitation pulses at 785 nm separated by a variable time delay. In this experiment, the 
laser pulse is in Gaussian shape with 0.45 ps duration, and the total average power is 1 mW, i.e., 
the average power carried by each of the excitation pulses is 0.5 mW. The relative values of the 
intensity integrated over a 200 cm-1 range centered at -500 cm cm-1 and 900 cm-1 are plotted in 
Fig. 5 as a function of the delay time τ. The y-axis of Fig. 5 is the intensity of the light emission 
as a function of the delay time, normalized by the intensity when the pulse separation is -10 ps. 
The ratio of the intensity with overlapping pulses (τ=0) to the intensity with well-separated 
pulses (τ=-10 ps) is ≈1.6 for intermediate Raman shifts (-400 to -600 cm-1) and ≈1.8 for large 
Raman shifts (-800 to -1000 cm-1). 
The emission spectra in Fig. 4.7B are excited by two 0.45 ps laser pulses at different delay 
times. The spectrum intensity increase when the two laser pulses become more overlapped in 
time. Data presented in Fig. 4.7A are calculated based on the integrated intensity ratio at a 
certain delay time vs. -10 ps delay time either in -400 to -600 cm-1 range or -800 to -1000 cm-1 
range. 
We model the scattered intensity by a two pulse excitation using extensions of the models 
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presented above. The time-dependent electronic temperature calculation of Eq. 4.5 is modified 
by including two laser pulses separated by delay time of τ. The relative ERS intensity at the 
Raman shift Δω and delay time τ is then: 
 
6.25 ns
6.25 ns
( ) ( )
( , )  
exp / ( , ) 1B e
P t P t
S f dt
hc k T t

  
 

 
 
  
                             (4.9) 
The calculated intensity ratio at various delay times τ vs. τ =-10 ps is plotted in Fig. 5 as solid 
lines. The model closely resembles the experimental results but there are discrepancies: in 
particular, while the decay rates of the signal as a function τ are similar for experiment and theory, 
the experimental data are more sharply peaked than the model.  
In this modeling, we are making the standard assumption within the two temperature model 
that the occupation of the electronic excitations is well-described by an equilibrium distribution 
of temperature Te. However, both the generation of electron-hole pairs and the coupling of 
electronic excitations to the lattice will cause the distribution to deviate from equilibrium. Since 
the electron-electron scattering time is short compared to the electron thermalization time (10’s 
of femtoseconds vs. picoseconds), this deviation from equilibrium is usually assumed to be 
small41 but we point out that the equilibration time of electronic excitations becomes 
significantly longer than the electron-electron scattering time as the excess energy decreases.42 It 
is possible that deviations from a thermal distribution are revealed in this type of two-pulse 
experiment but a quantitative treatment of these effects is beyond the scope of the present work. 
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In conclusion, we propose that resonant electronic Raman scattering from the continuum 
electron-hole pairs provides a useful description of secondary light emission from a model Au 
nanostructure. The peak of emission that is usually attributed to radiative decay of plasmons is 
described by the enhancement of the Raman scattered light by the electromagnetic resonance. 
The non-linear light emission usually attributed to two-photon absorption followed by 
fluorescence is quantitatively described by a broad spectrum of anti-Stokes electronic Raman 
scattering created by high electronic temperatures. The time-scale of the non-linearity is 
consistent with the time-scale for the exchange of thermal energy between the electronic system 
and the lattice.  
4.3 FUTURE WORK 
    Electronic Raman scattering theory for the explanation of resonant secondary light emission 
from plasmonic gold nanorods in aqueous solution was supported by experiments quantitatively 
in this work. (1) There are still problems with unevenly heating of gold nanorods in the solution 
due to the same reasons that have been discussed in section 3.3. Thus we used a reasonable 
average absorption cross section of gold nanorod in the calculations. To get a higher resolution, 
nanorods oriented in the incident laser plane should be used, or single nanoparticle spectroscopy 
could also eliminate these concerns. The study of other kinds of plasmonic nanoparticles in 
different environments can be further tested to verify the electronic Raman scattering theory. (2) 
At the same time, we also get more knowledge about the broad continuum background 
underlying the sharp Raman peaks in SERS measurements. Increasing laser pulse duration or 
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decreasing laser power can effectively reduce the intensity of SERS background when using a 
pulsed laser as excitation source. Thus nanoscale molecular thermometers as indicated in section 
3.3 based on SERS signals could be improved to get a larger signal to noise ratio by minimizing 
the background underlying the Raman peaks if using laser pulse irradiation. (3) One thing we 
may need to notice is that gold nanorod itself may also be promising to be used as 
nanothermometer, since we know the emission spectrum of gold nanorod, especially on the 
anti-Stokes side, changes with its electron temperature. In this way, gold nanorods can be used to 
indicate its steady state surrounding temperature, because both the electron and lattice 
temperatures of a gold nanorod should be the same as the surrounding. Low power cw laser 
rather than pulsed laser should be used to excite the gold nanorods, so that the heating effect 
from the excitation laser itself can be minimized. 
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4.4 MATERIALS AND METHODS 
We synthesized Au nanorods (AuNRs) with average aspect ratios of 1.2±0.2, 2.3±0.3, and 
3.8±0.4 using the methods described previously43. The AuNRs are subsequently coated with 
poly(acrylic acid)44 to increase their thermal stability in aqueous solution during laser heating45. 
A quartz cuvette with optical path length of 200 μm is used as the sample holder for the optical 
measurements. 
All three aspect ratios of AuNRs were studied using a conventional Raman spectrometer 
with 488 nm cw excitation. (For all of the data reported below, the AuNR suspensions are at 
room temperature.) The microscope objective that focuses the incident light and collects the 
scattered light has a numerical aperture of 0.17. AuNRs with an average aspect-ratio of 3.8, 
dimension of 4712.5 nm2, and longitudinal surface plasmon resonance (SPR) peak at 787 nm 
were studied more extensively with a second custom-built Raman spectrometer that uses a 
Ti:sapphire laser as the excitation source46. A 10 microscope objective lens with a numerical 
aperture of 0.25 is used to focus the laser on the sample with a 1/e2 intensity radius of ≈4.7 μm. 
The laser can be operated in either cw or pulsed mode with a repetition frequency of 80 MHz. 
The spectrum of the excitation pulses is limited to 785±1.5 nm by a bandpass optical filter. Due 
to dispersion of optical elements, the full-width-at-half-maximum (FWHM) duration of the laser 
pulses is ≈0.45 ps. In a second set of experiments, we placed a Fabry–Pérot etalon after the 
bandpass optical filter to broaden the pulse to produce a FWHM of ≈1.3 ps. We include details 
about the pulse durations and shapes in the section 4 of supplemental information.  
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We illuminate the sample using circularly polarized light to improve the homogeneity of the 
energy absorbed by AuNRs with different orientations. Scattered light collected by the 
microscope objective passes through a quarter-wave plate, polarizing beam-splitter, a beam block 
for specularly reflected light, and two holographic notch filters before reaching the 
spectrometer.46 Data acquisition time is typically 100 s for the cw mode and 10 s for the pulsed 
mode. A quartz lamp source was used correct the data for variations in the wavelength 
dependence of the quantum efficiency of the CCD detector, the reflectivity of the spectrometer 
grating, and the transmission coefficients of the optical elements. 
We checked for extrinsic contributions to the light emission by testing all the reagents used 
in synthesizing the AuNRs at concentrations of ~105 times of that in the final AuNRs samples 
and could not detect any background fluorescence with excitation by pulsed 785 nm excitation. 
AuNRs with different surface modification were also tested to exclude the possibility of 
surface-enhanced fluorescence from impurities or ligands on the surfaces of AuNR. 
The characteristic time-scale of the non-linear light emission was measured using two-pulse 
excitation. The time delay between the two pulses is adjusted using a mechanical delay stage46. 
The two pulses have the same spectrum of 785±1.5 nm and orthogonal circular polarization. The 
two beams are co-linear; a transient absorption measurement is used to optimize the spatial 
overlap of the two pulses within the sample cell47. We set the zero of delay time at the position of 
the maximum of the signal.  
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Figure 4.1 (A) Absorption spectra of AuNRs of different abstract ratios (AR): green (AR=1.2), 
blue (AR=2.3) and cyan (AR=3.8). The unit of the bottom axis is given as a frequency shift 
relative to the 488 nm laser excitation for the convenience of comparison with panel (B). The 
top-axis provides the corresponding wavelengths. The y-axis is the absorbance (abs), i.e., the 
negative of the base-10 logarithm of the optical transmission. (B) Spectra of water and AuNRs of 
different absorption peaks excited by 488 nm cw laser with 1 mW power. S is the spectral density 
of the intensity of scattered light and P as the average excitation laser power. Thus, the y-axis is 
the output of the CCD camera of the spectrometer normalized by the data acquisition time and 
the power of the excitation laser. 
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Figure 4.2 (A) Raman scattering spectra for AuNRs with the absorption peak at 787 nm excited 
by cw laser light at 785 nm at incident powers of 1 mW (black), 4 mW (red); by mode-locked 
laser pulses of 0.45 ps width with average incident powers of 1 mW (cyan) and 4 mW (magenta); 
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and by mode-locked laser pulses of 1.3 ps width with average incident powers of 1 mW (green) 
and 4 mW (blue). The y-axis is the same as in Figure 1B: S is the scattered intensity and P the 
average power of the excitation laser. Data for 1 mW and 4 mW using the cw laser overlap. The 
dashed line is the calculated intensity for a characteristic temperature of 300 K assuming 
constant Raman cross-section and enhancement factors at all Raman shifts; the vertical scale of 
the dashed line is adjusted to match the experimental anti-Stokes intensity. (B) Raman scattering 
intensity vs. average incident power for AuNRs with absorption peak at 787 nm excited by 
pulsed 785 nm laser pulses of 0.45 ps width integrated over a Raman shift range of -240 to -260 
cm-1 (black squares), -490 to -510 cm-1 (red circles), -740 to -760 cm-1 (green triangles). The blue 
dashed line with a slope of 2 indicates a quadratic relation between the spectral intensity and 
average incident power. (C) Raman scattering intensity vs. average incident power for AuNRs 
with absorption peak at 787 nm excited by pulsed 785 nm laser pulses of 1.3 ps width integrated 
over a Raman shift range of -240 to -260 cm-1 (black squares), -490 to -510 cm-1 (red circles), 
-740 to -760 cm-1 (green triangles). The blue dashed line with a slope of 2 indicates a quadratic 
relation between the spectral intensity and average incident power. 
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Figure 4.3 Raman scattering spectra for AuNRs with the absorption peaks at 523 nm (black), 
647 nm (red) and 770 nm (green) excited by 785 nm laser pulses of 0.45 ps duration with an 
average incident power of 1 mW. 
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Figure 4.4 (A, B) Change in the effective temperature relative to room temperature ΔTeff = 
Teff-300 K of Raman scattering by AuNRs with absorption peak at 787 nm excited by laser pulses 
of (A) 0.45 ps and (B) 1.3 ps width. ΔTeff calculated from the data using Eq. 4.4 are shown as 
lines that show some noise. ΔTeff calculated using Eq. 4.4 and 4.8 with the optical cross-section 
σabs as a fitting parameter are shown as smooth lines. The best fit to the data for -1500 
cm-1<<1500 cm-1 gives σabs=2700 nm2. (C, D) ΔTeff of the measurement at a Raman shift of 
(C) -500 cm-1 and (D) 500 cm-1 with laser pulse duration of 0.45 ps (black squares) and 1.3 ps 
(red circles). The solid lines show the predicted values of ΔTeff  as a function of laser power 
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using σabs=2700 nm2. 
 
Figure 4.5 (A) Laser pulse shapes calculated by Eqs. 4.6 and 4.7 for Gaussian pulse with 
FWHM=0.45 ps (black) and the pulse with FWHM=1.3 ps (red) after traveling through the 
etalon. The average laser power is 1 mW in both cases. (B) Evolution of the AuNR electron 
temperature during one laser pulse excitation calculated by Eqs. 4.5, 4.6 and 4.7. Pulse with 0.45 
ps width (black); pulse with 1.3 ps width (red). 
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Figure 4.6 Ratio of the normalized emission spectra (S/P) of aspect-ratio 3.8 AuNRs excited by 
785 nm laser of different average laser powers at pulsed mode with (A) 0.45 ps pulse width or 
(B) 1.3 ps pulse width vs. at cw mode. (solid curves: data; dashed lines: calculated from Eqs. 4.5 
and 4.8 with σabs=2700 nm2) 
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Figure 4.7 (A) Ratios of integrated intensity at various delay times I(τ) vs. -10 ps I(-10 ps) with 
data at -400 to -600 cm-1 (black square), -800 to -1000 cm-1(red circle) and the model calculation 
at -500 cm-1 (black line) and -900 cm-1 (red line). (B) Emission spectra of aspect ratio 3.8 AuNRs 
excited by two 0.45 ps laser pulses at different delay times. These spectra are not corrected for 
variations in the efficiency of the spectrometer. The short period oscillations in the data as a 
function of frequency shift are caused by variations in the quantum efficiency of the CCD sensor. 
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CHAPTER 5 
 
PHOTOTHERMAL MOLECULAR RELEASE TRIGGERED BY 
ULTRAFAST LASER PULSES AS MONITORED BY  
SURFACE -ENHANCED RAMAN SCATTERING  
 
5.1 INTRODUCTION 
The photothermal molecular release system based on polymer wrapping layers on the GNR 
surface with continuous-wave laser irradiation has been introduced in Chapter 2 of this thesis. It 
has been noticed that the molecular release rate with cw laser excitation is mild and slow with 
only 6% release after 1 hour of laser irradiation.1 In order to obtain a higher molecular release 
rate and percentage in the drug delivery system, new methods need to be applied to improve the 
efficiency of the release. As it has been discussed in Section 1.1, since pulsed laser irradiation 
can induce transient large localized temperature rise around GNR,2,3 it is expected to accelerate 
the release rate with such high temperature excursion with laser pulses. Light-triggered drug 
release with pulsed lasers has also been reported in previous work,4,5 in which high power laser 
pulses were used to irradiate at the SPR peak position of gold nanoparticles to break Au-S bonds 
or even to melt the nanoparticles to release bound molecules.6–10 However, whether or not the 
released molecules still remain active for therapy after high power pulsed laser irradiation should 
be considered in the scenario. 
Surface-enhanced Raman scattering (SERS) was first discovered on molecules absorbed on 
rough metal surface several decades ago.11 With the development of controlled fabrication and 
synthesis of metallic nanostructures as substrates, SERS spectroscopy has become a popular 
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analytical tool in sensing of chemical and biological molecules due to its high sensitivity and 
selectivity.12,13 Two mechanisms proposed for SERS, the electromagnetic and chemical 
mechanisms were introduced in Section 1.6. Compared to the electromagnetic enhancement 
factor over 105 or 106 in solution, the chemical enhancement factor is only 10 to 102.14 In the 
experimental design of this thesis, Raman reporter molecules were electrostatically bound on the 
surface coatings including the CTAB bilayer and several numbers of polyelectrolyte layers on the 
GNR surface without direct interaction with the metal surface, the chemical enhancement can be 
generally ignored. Thus, we focus the discussion on the electromagnetic enhancement. In the 
case of spherical nanoparticles as SERS substrate, the surface-enhanced Raman enhancement 
factor (EF) can be described by the equations12 below: 
2 ' 2
2 ' 2
4
0
| | | |
4 | | | |
| |
out outE EEF g g
E
                                          (5.1) 
where E0 is magnitude of electromagnetic field of the incident light; Eout is the magnitude of 
electromagnetic field outside the particle after the field enhancing, which is approximated as 
|Eout|
2=2|E0|
2|g|2; g is the enhancement coefficient; the prime symbol indicates the field evaluated 
at the scattered light. 
The enhancement factor can also be measured experimentally in an easier way, in which EF 
of the molecule Raman signal excited by a single wavelength incident light can be described by 
the equation below: 
[ / ]
[ / ]
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I N
EF
I N
                                                    (5.2) 
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where ISERS is the surface-enhanced Raman intensity; INRS is the normal Raman intensity; Nsurf is 
the number of molecules bound on the surface of substrates in the excitation spot size; and Nvol is 
the number of molecules in the excitation volume without enhancing substrates. 
    The electromagnetic field decays with the distance from the spherical particle surface with a 
factor of r-3 and the SERS signal is proportional to |E|4. Considering the overall surface area is 
proportional to r2, thus the total enhancement factor of a shell of adsorbed Raman reporters 
should have a r-10 distance-dependence as described by the following equation12:   
10
SERS
a r
I
a

 
  
 
                                                    (5.3) 
where a is the average radius of the field-enhancing particle; and r is the distance of the Raman 
reporter molecule from the substrate surface. Distance-dependent surface-enhanced Raman 
scattering was investigated in research works,15–21 where the experimental results vary with 
different substrates and methods, which do not simply obey this r-10 distance-dependence rule. 
In this chapter, surface-enhanced Raman scattering signal of the Raman reporters were 
detected to investigate the accelerated molecular release by localized heating with ultrafast laser 
pulses. This protocol allows in situ signal monitoring of the molecular release to get eliminate 
the extra step for the separation of bound and released reporters molecules in Chapter 2. To test 
the feasibility of this method, the distance-dependent SERS from GNR surfaces was first 
investigated, and the other factors such as thermal degradation and photo bleaching of Raman 
reporters by laser pulses were also evaluated in the process.  
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5.2 RESULTS AND DISCUSSION 
Distance-dependent SERS on Gold Nanoparticle Surfaces 
SERS phenomenon can be observed even if the Raman reporters are not directly attached to 
the substrate. The idea of using SERS to monitor drug release is based on concept that when the 
molecules are close to GNR surface in this case (~ 4 nm away from GNR surface, with the 
EF~105 or 106), large SERS signals can be observed; while molecules are released from the GNR 
surface the SERS signal decreased exponentially with the distance and barely any SERS signal 
can be observed. However, the control experiments of the distance-dependent SERS EF should 
still be tested, since it varies with substrate size, shape and experiment environments. Some 
research work on the distance-dependent SERS EF are summarized in Table 5.1. In order to 
investigate the average SERS enhancement factor change with distance away from the GNR 
surface, the positively charged Raman reporter molecules Nile Blue A (NBA) were immobilized 
on GNR surface with different numbers of PEL spacer layers to produce layered assemblies 
GNR+PAA+(PAH+PAA)n+NBA+PAH (n=0,1,2,3). The complexation of positively-charged 
NBA and negatively-charged PAA was immediately found after the mix of NBA and PAA, since 
the color of NBA solution changed from blue to purple and an obvious change of absorption and 
Raman spectra of NBA solution was observed, while no obvious changes were found when NBA 
was mixed with negatively-charged PAH. NBA molecules were electrostatically immobilized on 
the PAA coatings on GNR surface and SERS signals from NBA were detected. 
The average number of NBA molecules on each GNR surface was quantified. During 
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sample preparation, NBA supernatants were collected after the centrifugation of the 
NBA-incubated sample. A calibration curve based on optical absorption spectra of NBA 
standards in 2 mg/mL PAH with the concentration from 0.1 µM to 1 mM was created, and the 
concentration of NBA in supernatant [NBA]supernatant was calculated based on the calibration 
curve. Standard aqueous solution of NBA in 2 mg/mL PAH was used here to match the real 
composition of the NBA supernatant during the sample preparation. The absorption spectrum of 
NBA has a maximum at 637 nm both in water and in 2 mg/mL PAH, and no obvious change of 
the absorption spectra can be observed between NBA in water and NBA in PAH solution, which 
indicated no strong interaction existing between NBA and PAH. Then the concentration of the 
bound NAB ([NBA]bound) was calculated with the equation: [NBA]bound = 
[NBA]incubation-[NBA]supernatant, where [NBA]incubation is the original concentration of NBA for 
incubation. It was found that the average [NBA]bound in the final sample was always below 4 µM 
even if [NBA]incubation was as large as 100 µM. [NBA]incubation should be carefully chosen, since if 
[NBA]incubation is much larger than [NBA]bound, the calculated [NBA]bound should also have a large 
uncertainty; if [NBA]incubation is too small, the detected signal to noise ratio can be large. Thus 
[NBA]incubation of either 2 µM or 10 µM was chosen after multiple rounds of testing. The SERS 
spectra of samples with different PEL spacer layers normalized by acquisition time and laser 
power are shown in Fig. 5.1. The Raman peak from the NBA ring bending vibrational mode22,23 
at 590 cm-1 was used as an representative Raman signal, and the peak signal was found to drop 
quickly with the increasing number of PEL spacer layers. Finally, the average number of NBA on 
each GNR was calculated by dividing [NBA]bound with [GNR], where [GNR] was 2 nM in these 
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experiments, and plotted in Fig. 5.2a. It was found that 10 µM incubation concentration gave 
larger numbers of bound NBA on each GNR than 2 µM incubation concentration, which 
indicated a binding equilibrium between NBA and GNR+PAA during the sample preparation. 
With the increasing number of spacing PEL, the surface of GNR+PEL should also increase to 
provide more binding sites for NBA theoretically. However, it was found that the number of 
NBA per GNR dropped greatly from 1 PEL spacer layer to 3 spacer layers and then increased 
again when it reaches 5 and 7 PEL spacer layers. This phenomenon was also found in previous 
studies from our research group,24,25 but no clear explanation has be provided so far. 
    The background of the Raman spectra were subtracted using the NuSpec software in the 
DeltaNu Advantage 785 Raman system. The integrated areas of the 590 cm-1 Raman peak of 
different samples are plotted in Fig. 5.2b, and it was found that the intensity dropped quickly 
with increasing number of PEL spacer layers. The SERS enhancement factors can be calculated 
based on Eq. 5.2, in which ISERS is the integrated SERS peak area at 590 cm
-1of a sample (as 
plotted in Fig. 5.2b); Nsur is [NBA]bound; INRS is the integrated normal Raman peak area at 590 
cm-1 of 200 µM NBA in 10 mg/mL PAA (to match the environment of NBA on GNR surface); 
Nvol is 200 µM. Since the Raman detection was performed on the same instrument with the same 
laser parameters, the number of NBA molecules in the laser beam can be represented by the 
concentration of NBA molecules. The absorbance of the GNR+NBA and the NBA+PAA was 
kept the same to make sure the two samples have the same incident power through the laser 
optical path in the cuvette. The SERS enhancement factors were plotted in Fig. 5.2c and the EF 
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dropped exponentially with the number of PEL layers. The distance was around 4 nm with 1 PEL 
spacer layer, 6 nm with 3 PEL spacer layer, 8 nm with 5 PEL spacer layers and ~10 nm with 7 
PEL spacer layers from the previous DLS study in Chapter 3.26 Thus the SERS EF was found to 
drop approximately exponentially with the distance from GNR surface. The SERS enhancement 
factors of samples with the same spacer layers prepared from either 2 µM or 10 µM NBA 
incubation concentrations should have the same value theoretically, however, the numbers still 
had some deviations shown in Fig. 5.2c, which should be further tested quantitatively in more 
experiments. But we can conclude from these tests that if the NBA molecule is released from the 
GNR+PAA+NBA+PAH system and diffuses to a position of 10 nm away from GNR surface, the 
SERS signal can drop more than 95% and using SERS to monitor the molecular release in this 
case is reasonable. It should be noticed that the electric field intensity at a certain distance around 
the anisotropic gold nanorod is not constant, and the electric field around the tips of gold 
nanorod are much higher than that around the sides. Thus the enhancement factors calculated 
here are only average EFs around the GNRs. The results of distance-dependent SERS EF 
dropping quickly with increasing spacer thickness however still observable over 10 nm away 
from substrate are consistent with the findings of other works.15-21 
The SERS enhancement factors were also tested for gold nanoparticles (GNPs) of different 
aspect ratios. Samples of GNP+PAA+NBA+PAH were prepared for GNPs with absorption peak 
at 530 nm, 710 nm and 800 nm respectively. SERS enhancement factors were calculated in the 
same method mentioned above and summarized in Table 5.2. It was shown that GNRs of AR=2.8 
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have the larger SERS EF than AR 1.1 and 4.0 GNRs, the results are also in agreement with the 
previous studies from our research group.27 These results were explained as a combined effect of 
SERS enhancement and extinction of the excitation light in the laser path.27  
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Table 5.1 Distance-dependent surface-enhanced Raman scattering enhancement studies from 
previous research works. 
Substrate Spacer Reporter Findings 
Ag toroid 
array 
ssDNA AAA tract Enhancement over 30 nm from the 
substrate.15 
roughened 
Ag 
alkanethiols benzene EF~2.1×103, decreasing with distance. 
Enhancement studies 0.6-2.7 nm from 
substrate. 17 
Oval gold 
nanoparticles 
dsDNA Rh6G EF decreasing with distance. Enhancement 
over 20 nm from GNP.18 
In/Ag island 
films 
arachidic 
acid 
Rh6G EF~102-103, decreasing with distance. 
Enhancement over 16 nm from substrate.19 
Ag 
nanoparticles 
SiO2 layer adenosine EF~10
6, decreasing slightly within 30 nm 
and abruptly after 30 nm from Ag 
particle.20 
Ag nanorod 
arrays 
oligos adenine 
tracts 
EF decreasing with distance. Effective 
sensing distance is within 5 nm from Ag 
nanorod surface.21 
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Figure 5.1 Surface-enhanced Raman spectra of nile blue A on the surface of GNRs of aspect 
ratio 4 with different numbers of polyelectrolyte spacer layers and nile blue A original incubation 
concentrations (a) 2 μM and (b) 10 μM. 
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Figure 5.2 Distance-dependent SERS EF of NBA on GNR surface of samples with different 
original NBA incubation concentrations: (a) the number of NBA on each GNR, (b) the integrated 
area of the 590 cm-1 Raman peak, (c) the SERS enhancement factors. 
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Table 5.2 SERS enhancement factors of gold nanoparticles with different aspect ratios. 
GNP peak λabs (nm) 530 710 800 
[GNP] (nM) 2 2 2 
GNR AR 1.1 2.8 4.0 
[NBA]incubation (μM) 10 10 10 
[NBA]bound (μM) 1.46 0.95 2.96 
# of NBA/GNP 732 475 1480 
Enhancement factors 1.47×105 2.16×106 1.97×105 
Note: Raman reporter molecules were immobilized in GNP+PAA+NBA+PAH samples, and the 
distance from the reporters to GNP surface is estimated around 4 nm.26 
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Molecular Release vs. Photon Damaging by Ultrafast Laser Pulses 
    Molecular release by laser pulses was tested with the sample structure of 
GNR+PAA+NBA+ PAH, in which the Raman reporters are close to GNR surface to give large 
SERS signal and the temperature change is also larger when it is closer to GNR surface. GNRs 
with absorption peaks close to 785 nm were chosen to match the laser wavelength of the 
instrument to generate the most. Pulsed laser irradiation with controlled parameters was attended 
for the initiate molecular release. Raman spectra were acquired with 1 mW cw excitation to 
exclude the possibility of continuous molecular release during the 30 s spectra acquisition period. 
SERS intensities before and after laser pulse irradiation were compared.   
SERS signal before and after laser pulse irradiation was evaluated by several parameters: 
average laser power, laser pulse duration, irradiation time, numbers of PEL wrapping layer and 
GNR aspect ratio. First of all, cw laser irradiation for 3 min at the power of 1 mW was proved 
not to induce SERS signal change. (1) Fig. 5.3a shows the SERS signal ratio after and before 30 
s laser pulse irradiation decreased with the increasing average power. There was no obvious 
molecular release when the average power of laser pulses was below 0.05 mW. As the power 
increased up to 5 mW, more than 80% of SERS signal of NBA was lost only after 30 s 
irradiation. During the measurement, it was also found that the SERS signal was not stable after 
irradiation by laser pulse power above 2mW, the SERS signal starts recover after only 20 s, 
which might be attributed by the PEL+NBA expansion and retraction in the PVA media. (2) Fig. 
5.3b shows the data with laser pulse duration of 1.3 ps instead of 0.45 ps as used in all the other 
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experiments of the section. This part of the experiment was designed to test the possibility of 
photo bleaching of NBA. Expansion of the laser pulse reduces the incident light intensity, which 
was supposed to reduce the degree of photo bleaching. However, no obvious difference of the 
SERS ratio could be found by changing the laser pulse duration. This indicates that either no 
photo-bleaching or thermal degradation happened or expansion of the pulse duration to 1.3 ps 
was not effective enough to induce any change. (3) Fig. 5.3c shows the SERS ratio with different 
irradiation time by either 0.2 mW or 1 mW laser pulses. It was found the decreased gradually 
with increasing irradiation time. (4) The SERS ratios were compared between samples with one 
or two polyelectrolyte wrapping layers at different pulsed laser powers and were plotted in Fig. 
5.3d. The trends were generally the same with slight differences. An additional wrapping layer 
did not affect the signal change as obviously as that of the work in Chapter 2. Some evidence 
could be extracted from these plots to show there was molecular release upon laser irradiation 
the rate depended on the laser power, irradiation time and wrapping layers. However, the 
hypothesis could only be solid if there was no photo bleaching or thermal damage to the NBA in 
the experiments. 
In fact, surface-enhanced femtosecond stimulated Raman spectroscopy has been reported 
and sample degradation was observed on the minute time scale,3,28 in which the SPR of the 
plasmonic nanoparticle was playing a significant role. In order to test the sample degradation in 
our experiments and examine the importance of plasmonic enhancement of the EM field as well 
as the transient temperature change. Gold nanospheres were used there for as a control. 
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GNS+PAA+NBA+PAH was prepared and the SERS ratio before and after laser illumination was 
measured with the same procedures. Fig. 5.4a shows that though both the temperature rise and 
plasmon enhancement are larger in the GNR sample, while the SERS signal decreased to the 
same extent for both GNR and GNS samples. (GNR+PAA+NBA+PAH sample had an 
absorption of 30% at 785 nm during the measurement while GNS+PAA+NBA+PAH sample had 
an absorption of 15% at 785 nm during the measurement.) In this case pure photothermal 
molecular release cannot explain the SERS signal decrease after laser pulses irradiation. Very 
likely, both photothermal release and photon degradation can attribute to the final results. 
Another set of control experiments of GNR+PAA+NBA+PAH immobilized on quartz substrate 
was examined by laser pulse irradiation, so that the possibility of molecular release can be 
excluded. Continuous-wave laser irradiation at the power of 1 mW and 5 mW did not affect the 
SERS signal. Pulsed laser irradiation at the power below 0.5 mW did not affect the SERS signal 
either and signal decrease took place above 0.5 mW laser power. In this way, photon degradation 
of NBA SERS was verified, both the Raman molecules degradation and the plasmon bleaching 
can result in the signal drop.  
In conclusion, SERS is sensitive for molecular detection. In order to evaluate the method of 
photothermal molecular release with femtosecond laser pulses monitoring with SERS, 
distance-dependent SERS EF was examined around GNRs. SERS EF was found to decrease 
exponentially with the distance from the GNR surface. SERS signal decreased after laser pulse 
irradiation and the decreasing rate depended on laser power, irradiation time and wrapping 
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layers. Control experiments involving GNS+NBA in PVA gel and GNR+NBA on quartz 
substrate revealed the sample degradation during femtosecond laser pulse irradiation. Both 
molecular release and sample degradation can contribute to the SERS signal decrease and laser 
power should be carefully chosen to avoid sample damaging while still ensure the molecular 
release rate. 
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Figure 5.3 NBA SERS ratios of signal after and before laser pulse irradiation with (a) different 
average laser pulse power; (b) pulse duration extended to 1.3 ps; (c) different laser irradiation 
time; (d) different numbers of PEL wrapping layers.  
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Figure 5.4 NBA SERS ratios of signal after and before laser pulse irradiation with the sample of 
(a) GNS+PAA+NBA+PAH in 5% PVA; (b) GNR+PAA+NBA+PAH immobilized on quartz 
substrate. 
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5.3 FUTURE WORK 
    Molecular release triggered by laser pulses should have the advantages of faster release rate 
and larger release percentage. SERS monitoring of drug release in real biomedical applications is 
more realistic than the centrifugation measurements in the work of Chapter 2. (1) Though we can 
suggest the feasibility of using SERS to quantify the molecular release due to the large 
distance-dependent SERS enhancement as we have tested in section 5.2, more repeats of the 
current experiments as well as new experiments need to be performed if we want to get more 
quantitative results or dig more deeply into the mechanisms of distance-dependent SERS EF. In 
this work, we still assumed all the reporters were at the same distance away from the GNR 
surface, which may not strictly follow the actual situation since we do not even know whether 
the first PAA layer was evenly coated around GNRs that has also been emphasized in section 3.3. 
During sample preparation, aggregation should be strictly avoided, since the aggregation of 
particles can generate SERS “hot spots” that will have SERS signals increased by orders of 
magnitude. (2) In the pulsed laser-triggered molecular release, it has been observed that high 
power laser pulses could induce SERS signal bleaching. This phenomenon limited the SERS 
application in this scenario, and also indicated that laser pulse can degrade loaded drug 
molecules. Increasing the laser power can definitely increase the release rate and percentage, but 
it also makes the signal bleaching worse. Expanding the laser pulse duration can decrease the 
temporal power intensity to reduce the possibility of signal bleaching. Though 1.3 ps is still not 
large enough to reduce the bleaching, longer pulse duration over 10 ps should be tested. However, 
if the pulse duration is too large, there might not be large enough temperature rise around the 
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GNRs to give a fast release rate. Above all, we need to find a proper threshold of laser power and 
pulse duration to ensure effective release rate and prevent signal bleaching of the molecules. In 
order to find the proper parameters, GNR+Raman reporters immobilized on substrates without 
aggregations should be prepared and the maximum laser power that won’t induce signal 
bleaching should be figured out. Molecular release tests in solutions can only be performed 
under laser powers and pulse durations that won’t induce signal bleaching. 
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5.4 MATERIALS AND METHODS 
Sample Preparation: Raman reporter molecules Nile blue A perchlorate (NBA) (positively 
charged in neutral aqueous solution) were electrostatically wrapped in polyelectrolyte (PEL) 
layers (PAA M.W. 15,000 is negatively charged and PAH M.W. 15,000 is positively charged) on 
the surface of GNRs through layer-by-layer procedures. GNRs of aspect ratio ~4 and absorption 
peak ~785 nm were used here; GNSs of aspect ratio <1.2 and absorption peak ~ 520 nm were 
used as control. In order to control the distance of NBA from the surface of GNRs, different 
numbers of PEL spacer layers are designed to make samples of 
GNR+PAA+(PAH+PAA)n+NBA+PAH (n=0,1,2,3) are prepared. In order to control the number 
of PEL wrapping layers, samples of GNR+PAA+NBA+PAH and GNR+PAA+NBA+PAH+PAA 
are prepared in aqueous solutions. All the samples are dialyzed in water for 72 hours to get rid of 
the unbound free NBA molecules, fresh nanopure water are replaced every 24 hours. The 
concentration of GNR is the final aqueous sample is kept around 2 nM.  
Sample Measurement: In the measurement of distance-dependent SERS signal from 
GNR+NBA, the Advantage DeltaNu 785 nm Raman system was used take acquire Raman 
spectra of the sample. The system has a cw laser power of 45 mW and the spot size at focal plane 
has a radius of 15 μm. A cylindrical glass vial with the diameter of 5 mm was used as sample 
holder. The acquisition time is 2 s for 5 runs and the final data was the average of the 5 spectra 
for each sample.  
    In the measurement of laser pulse-induced molecular release, GNRs of concentration of 2 
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nM was mixed with the same volume of 10% polyvinyl alcohol (PVA M.W. 146,000~168,000) 
gels to get the final sample of 1 nM GNR in 5% PVA gels. Sample was well mixed through 
stirring and sonication and was put into a quartz cuvette of 200 μm optical path for measurement. 
A home-built time-resolved Raman spectroscopy with the laser mode tunable between 
continuous-wave and femtosecond pulsed was used for the laser irradiation and spectra 
acquisition. The laser spot on the sample had a radius of 4.7 um. SERS signals of NBA before 
and after laser pulse irradiation were taken with a 785 nm continuous-wave laser excitation at the 
power of ~1 mW with the acquisition time of 20 s for 3 runs, the final spectrum was the average 
of 3 spectra. The average power and irradiation time of the pulsed laser vary in each test. A new 
spot on the sample is applied in each test. The Stokes Raman peak at 590 cm-1 from the ring 
vibrational bending mode of nile blue A is the indication of number of NBA molecules on GNR 
surface. The SERS signals after and before laser pulse irradiation were compared. 
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